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ABSTRACT 


The  properties  of  two  types  of  space-charge  flow  crossed-fleld 
electron  guns  are  investigated.  The  first  type  is  a  form  of  short  gtin; 
the  second  one  is  a  type  of  long  gun  in  which  the  electron  stream  is 
accelerated  adlabatlcally.  Both  guns  are  Intended  for  use  in  M-type 
injected  beam  microwave  devices  in  which,  Ideally,  electron  beams  satisfy 
the  conditions  of  laminar  Brlllouin  flow.  In  practice,  such  beams  have 
not  been  previously  achieved. 

Certain  nonlamlnar,  more  complex  flow  models  which  are  supported  in 
the  same  environment  as  Brlllouin  flow  are  discussed.  From  a  survey  of 
previous  types  of  crossed-fleld  guns,  it  was  concluded  that  the  beams 
from  these  guns  were  of  this  more  complex  type. 

The  analytic  basis  for  the  present  guns  was  then  developed;  these 
guns  are  based  upon  the  space-charge  flow  solution  of  the  plane  magnetron 
diode  as  first  derived  by  Benham.  The  short  gun  was  based  on  the  exact 
form  of  this  solution,  while  the  long  gun  resulted  from  a  simple  approx¬ 
imation  to  this  solution  which  was  shown  to  be  valid  under  certain  initial 
conditions  at  the  cathode.  As  these  solutions  are  semi-infinite  in  extent 
and  since  the  guns  use  only  a  finite  portion  of  the  flow,  it  was  necessary, 
by  means  of  an  external  system  of  electrodes,  to  synthesize  the  proper 
boundary  conditions  along  the  edges  of  the  beam.  The  electrode  system 
for  both  guns  iras  obtained  by  means  of  a  method  of  analytic  continuation 
due  to  Klrsteln  and  Lomax.  The  guns  obtained  in  this  manner  are  con¬ 
vergent,  and  have  the  advantage  that  the  current  density  at  the  cathode 
and  hence  the  total  cxirrent  emitted  from  the  gun  can  be  predicted. 

Examples  of  both  types  of  guns  were  designed  and  built.  In  regard 
to  emission  characteristics,  both  guns  behaved  substantially  as  predicted 
by  the  theory.  Experimental  values  of  the  total  emitted  current,  as  a 
function  of  gun  voltage  and  magnetic  field,  were  found  to  be  in  very 
good  agreement  with  approximate  analytic  expressions  which  were  derived 
for  these  relationships.  The  short  gun  produced  a  beam  which  was  seemingly 
a  good  approximation  to  planar  Brlllouin  flow  and  moreover,  a  beam 
relatively  free  of  the  characteristic  crossed-fleld  instaollit '.es.  The 
beam  from  the  long  gun,  however,  was  found  to  be  unstable  under  certain 
conditions.  The  results  of  additional  experiments  with  the  beam  from 


•  j  i5 


this  gun  indicated  that  this  instability,  as  evidenced  by  the  collection 
of  current  by  a  negatively  biased  sole  electrode,  was  the  result  of 
growth  along  the  beam  of  a  disturbance  originating  near  the  cathode  and 
and  which  was  probably  related  to  the  formation  of  a  potential  minimum 
associated  with  space-charge  limited  emission.  Furthermore,  the  rate 
of  growth  along  the  beam  was  found  to  scale  with  ,  the  beam  cyclotron 
wavelength,  and  moreover,  became  relatively  small  for  sufficiently  large 
values  of  X^  .  On  the  basis  of  these  observations  it  is  possible  to 
account  for  stability  of  the  beam  from  the  short  gun  and,  more  generally, 
to  relate  the  dc  properties  of  the  crossed-fleld  beam  to  its  stability. 
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I.  HTTRODUCTION 


In  recent  years  Interest  has  Increased  In  the  class  of  microwave 
devices  employing  electron  streams  which  move  through  mutually  perpen¬ 
dicular  electric  and  magnetic  fields.  Historically,  the  first  and  prob¬ 
ably  the  most  important  of  these  devices  was  the  magnetron  oscillator. 
More  recently,  a  series  of  backward  and  forward  wave  oscillators  and 
ajqpllflers  employing  lineeu*  non-reentrant  crossed-fleld  electron  streams 
have  been  proposed  and  studied,  niese  devices  sure  usually  of  two  types 
where  either:  (l)  the  beam  is  emitted  from  a  continuous  cathode,  or  (2) 
the  beam  is  focvised  and  injected  into  the  interaction  region  by  means  of 
a  suitable  gun  structure.  IMs  distinction  is  Illustrated  in  Fig.  1.1. 
This  paper  is  concerned  with  an  experimental  study  of  some  new  types  of 
guns  for  the  latter  configuration,  frequently  designated  as  the  M-type 
injected  beeua  device. 

The  new  guns  which  have  been  investigated  are  based  upon  space- 

charge  flow  solutions  first  obtained  for  the  plane  magnetron  by  Benham,^ 
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Brlllouln  and  others  a  number  of  years  ago.  The  gun  design  technique 
is  similar  to  that  for  the  Pierce  gun  in  that  an  infinite  space-charge 
flow  is  simulated  by  a  finite,  convergent  portion  of  this  flow  and  an 
external  system  of  electrodes  which  synthesize  the  proper  boundary  con¬ 
ditions  on  the  edges  of  this  convergent  flow.  The  electrode  shapes  have 
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been  found  using  a  method  due  to  Klrsteln  and  LomsLX.  Two  types  of  guns 
which  are  similar  to  the  "short”  and  "long"  guns  of  the  French  have  been 
obtained  by  this  method.  Both  guns  are  convergent,  the  short  gun  having 
a  convergence  of  order  ten  while  in  principle  the  long  gun  is  capable  of 
considerably  greater  convergence.  Both  guns  are  designed  to  operate  in 
a  uniform  dc  magnetic  field,  and  as  they  are  based  on  space-charge  flow 
solutions,  the  total  current  as  a  function  of  gun  voltage  and  magnetic 
field  may  be  specified  analytically. 

While  the  primary  purpose  of  this  paper  is  to  present  the  results 
of  a  detailed  experimental  study  of  both  of  these  types  of  guns,  a  number 
of  related  topics  will  be  considered,  either  for  the  sake  of  completeness 
or  to  present  experimental  results  not  directly  concerned  with  the  two 
guns  but  which  are  relevant  to  general  problems  of  crossed-field  optics. 
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I _ Oatbooe 


Sole 


Collector 


Gun 


b.  Injected  beam 


FIG.  1.1 — Basic  configurations  of  nonre-entrant  linear  beam 
crossed-fleld  microwave  devices. 
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The  nature  of  the  itMdy- state  electron  beam  under  ui/'^orm  .i-typ< 
crossed-flelds  In  considered  In  Chapter  II.  Following  In  Chapter  III  Is 
a  discussion  of  earlier  forms  of  crossed-fleld  guns.  The  theory  of  the 
new  guns  Is  presented  In  Chapter  IV  and  Is  followed  by  a  discussion  of 
the  experiments  In  the  following  chapter.  A  discussion  of  the  results  of 
the  experiments  and  recosssendations  for  further  work  Is  given  In  Chapter 
VI. 
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II.  THE  STEADY- STATE  CROSSED-FIELD  ELECTRON  FLOW 


A.  INTRODUCTION 

Most  field  analyses  of  M-type  crossed-fleld  devices  assusie  a  beaa 

whose  unperturbed  state  Is  represented  as  planar  Brlllouln  flow,  or  at 
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least  as  a  sljsple  modification  of  this  model.  *  In  practice,  such  a 

besm  Is  seldom.  If  ever,  realized.  In  this  chapter  we  shall  consider  the 

well  known  properties  of  Brlllouln  flow  and  a  number  of  nonlamlnar  models 

given  In  the  literature.  These  latter  types  of  flow,  which  may  exist 

under  the  same  external  crossed-fleld  conditions  as  those  which  support 

a  beam  In  Brlllouln  flow,  are  characterized  by  curvilinear  trajectories 

and  probably  represent  a  more  realistic  description  of  actual  beams  than 

does  the  Brlllouln  flow  model.  In  addition  we  shall  consider  the  nature 

of  the  resultant  flow  If  Brlllouln  or  near  Brlllouln  beams  are  subjected 

to  sudden  chainges  In  the  extemsJ.  crossed-fleld  envlronamnt.  Such  a  beam 

might  resiilt  from  potential  or  field  discontinuities  between  the  gun 

and  Interaction  region  either  as  a  result  of  poor  design  or  In  practice 

from  varying  the  dc  circuit  voltage  for  tuning  purposes. 

The  types  of  flow  which  we  shall  consider  may  be  described  physically 

in  terns  of  the  macroscopic  nature  of  the  flow  on  its  boundaries.  The 

three  tyx>es  of  flow  which  are  of  Interest  are  shown  In  Fig.  2.1.  n^e 

first  of  these,  the  sheet  beam  with  rectilinear  boundaries  (Fig.  2.1a), 

will  be  discussed  In  terms  of  (l)  the  so  called  "single  trajectory  model" 
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which  originates  from  the  theory  of  the  plane  magnetron  diode  *  *  and 

0 

(2)  the  hydrodynsmlcal  analysis  as  given  by  Miller.  In  both  of  these 

cases  planar  Brlllouln  flow  will  be  seen  to  be  a  speclsd  case  of  a  more 

complex  flow  with  curvilinear  trajectories.  Figure  2.1b  illustrates  the 

second  form  of  flow  to  be  discussed  which  is  characterized  by  rippling 

boundaurles  and  a  periodically  ven^ylng  thickness.  IMs  type  of  beam  has 
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been  analyzed  by  paraxial  methods  by  Weters.  In  the  case  of  the  third 
type  (Fig.  2.1c)  the  beam  as  a  whole  describes  an  und\ilatory  path  In  space. 
A  small  signal  analysis  under  dc  conditions  for  the  thin  beam  case  of  c 
Is  given  In  Appendix  A.  In  the  case  of  both  b  and  c  the  spatial 
periodicity  of  the  flow  Is  given  approximately  by  =  2nvQ/a^  ,  where 
Vq  is  the  average  dc  velocity  of  the  flow. 


a.  Rectilinear  boundaries 


b.  Undialatlng  boundaries  and 

periodically  varying  thickness 


c.  Undulating  beam 


FIG.  2.1— External  configuration  of  some  types  of  flow  supported 
by  crossed  fields. 


Having  surveyed  these  various  forms  of  crossed-fleld  flow,  we  shall 
then  mention  the  requirements  to  he  satisfied  by  suitable  guns  In  terms 
of  (l)  potential  effectiveness  In  producing  a  beam  approximating  as  closely 
as  possible  Brlllouln  flow  as  well  as  (2)  certain  other  practical  con> 
slderations  or  the  characteristics  of  particular  devices. 

nirouj^hout  the  discussion  a  number  of  assumptions  will  be  made,  and 
for  convenience  they  are  listed  as  follows: 

1.  All  quantities  are  Invariant  to  change  in  position  In  a  direction 
parallel  to  the  uniform  magnetic  field.  Thus  the  geosMtry  Is  two  dimen- 
slmial. 

2.  Only  dc  effects  will  be  considered. 

3.  All  relativistic  effects  will  be  Ignored. 

4.  With  the  exception  of  some  of  the  discussion  of  the  flow  illus¬ 
trated  In  Fig.  2.1c,  fields  due  to  the  Image  charges  of  the  beam  In  the 
sole  and  circuit  electrodes  will  be  Ignored. 

inie  effect  of  thermal  velocities  will  be  ignored. 

B.  CROSSED  FIELD  FLOW  WITH  RECTILIIIEAR  BOUHDARIES 

The  geometry  which  we  shall  consider  Is  shown  In  Fig.  2.2.  The  mag¬ 
netic  field  Is  directed  into  the  plane  of  the  diagram  along  the  negative 
z  axis.  Since  only  dc  phencsiena  are  of  Interest,  the  slow  wave  circuit, 
which  Is  usvmlly  at  a  positive  potential  with  respect  to  the  sole,  is 
considered  to  be  a  smooth  conducting  plane. 

This  form  of  flow  nay  be  analyzed,  either  from  the  "Lagranglan"  or 
"Eulerlan"  points  of  view.  The  latter  will  be  discussed  In  the  section 
describing  the  hydrodynaislcal  analysis  of  Miller.  In  the  former  case, 
after  making  scbm  simplifying  assumptions,  it  Is  possible  to  integrate 
the  equations  of  motion  and  obtain  the  electronic  trajectories  within 
the  beam.  We  sheJ.1  now  consider  the  details  of  this  procedure. 

1.  The  Single  Trajectory  Models. 

In  the  geometry  of  Fig.  2.2.,  the  components  of  the  Lorentz  equation 

^  +  vxBq) 


-  7  - 
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becone 


(2.2a) 


y  + 


X 

c 


r^E, 


'oy 


X  - 


(2.2b) 


where  Is  the  total  transverse  field  including  space-charge  forces. 
All  boundary  conditions  are  considered  to  be  uniform  In  the  x-dlrectlon| 
thus  ■  0  .  A  description  of  electron  notion,  including  the  effects 
of  space  charge,  for  the  case  where  neither  potential  nor  charge  density 
are  functions  of  x  ,  is  then  given  by  solving  Eqs.  (2.2)  along  with 
Poisson's  :eq\iatlon 


(2.3) 


and  the  continuity  equation 


(a-it) 


where  Is  volune  charge  density  In  the  bean.  If,  in  addition,  the 
flow  originates  at  a  unipotential  cathode,  conservation  of  energy  requires 


that 

i(x^  +  y^)  »  0  ,  (2.5) 


where  0  Is  the  bean  potential  neasured  with  respect  to  the  cathode, 

«nd  -  -  d0/5y  . 

The  natvire  of  the  solution  of  these  equations  depends  upon  further 
simplifying  assuqitions  regsurdlng  the  form  of  the  electron  trajectories. 

a.  Brlllouln  Flow 

In  this  case  the  flow  is  laminar,  and  all  electrons  are  assumed  to 
move  along  parallel  paths  with  y  ^  y  -  0  .  As  a  result  of  space  charge, 

X  becomes  a  function  of  y  which  we  will  denote  as  v(y)  .  By  differen¬ 
tiating  Eq.  (2.5)  with  respect  to  y  and  combining  with  Eq.  (2.2a),  we 
find  that 

^y(y) 

oy 
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u> 

c 


(2.6) 


Equations  (2.6),  (2.?)  and  (2.3)  then  imply  that  the  charge  density 
within  the  beam  la  constant  and  given  by 

€  OJ  ^ 

0  c 


(2.7) 


hence  it  follows  that 


(s. 


2 


CO. 


(2.8) 


nius,  in  the  absence  of  ions,  the  space>ctaarge  density  in  this  type  of 
beam  is  entirely  controlled  by  the  magnetic  field,  a  condition  first 
noted  by  Brlllouin.^® 

A  slightly  more  general  form  of  laolnar  flow  has  been  discussed  by 
Qould.^  Thvis  if  Eq.  (2.2a)  (with  y  *  y  ■  0  as  before)  is  eoBd>lned  with 
Eq.  (2.3)  we  obtain  for  the  velocity  gradient  across  the  beam 


8v(y)  (0  ^ 

a,  ‘o“e  “c 


(2.9) 


Equation  (2.3)  bas  not  been  used  in  the  derivation  of  this  expression. 
Consequently,  if  o)  /  o)  ,  the  implication  is  that  all  electrons  in  the 

®  °  (1) 

beam  need  not  have  the  same  total  energy,^  '  and  that  Pq  and  hence 
(0^  may  not  be  constant  across  the  beam.  Hereafter  in  referring  to 
"^lllouln"  or  "planau:"  flow,  we  shall  be  speaking  of  the  monoenergetlc 
beam  characterized  by  Eqs.  (2.6)  and  (2.8). 

The  properties  of  the  laminar  beam  from  an  equlpotentleJ.  cathode 
are  largely  determined  by  the  bo\uidary  conditions  of  the  interaction 
region.  If  the  magnetic  field,  the  sole  and  circuit  voltages,  and  the 
sole-current  spacing  are  specified,  only  one  degree  of  freedom,  the  beam 
thickness,  or  equivalently,  the  total  beam  current  per  unit  width,  resmlns. 
This  follows  as  a  result  of  the  postulate  of  linear  trajectories  and 
because  the  magnetic  field  determines  the  charge  density.  The  linear 
superposition  of  the  field  due  to  space  charge  and  that  supplied  by  the 


is  would  be  the  case  for  a  beam  in  the  presence  of  rf  fields. 
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external  electrodes,  vben  divided  by  the:  magnetic  field,  then  uniquely 
determine:  the  velocity  at  any  point  In  the  beam. 

b.  Nonlamlnar  Single  Trajectory  Model 

Mb  define  a  "single  trajectory"  beam  as  one  In  which  all  electron 

trajectories  are  congruent  in  the  geometric  sense.  Thus  the  Brlllouin 

beam  may  be  considered  as  the  simplest  type  of  single  trajectory  flow. 

We  now  consider  a  more  complex  f«rm  of  flow  which  Is  nonlamlnar 

and  which  consists  of  a  manifold  of  congruent  periodic  trajectories 

uxilfoimly  distributed  In  the  direction  of  flow  as  shown  in  Pig.  2.3a. 

The  motion  Is  double  streaming,  with  electrons  moving  between  the  beam 

boundaries  which  are  envelopes  of  the  trajectory  turning  points.  On  the 

boundaries  the  8pace>eharge  density  Is  infinite.  The  beam  la  cosQOsed 

•  • 

of  two  classes  of  electrons,  one  with  y  >  0  the  other  with  y  <  0  . 

The  total  net  current  associated  with  the  transverse  motion  of  these  two 
classes  ,  of  electrons  m\i8t  be  zero  and  at  any  point  |y|  must  be  the  same 
for  each  class.  Moreover,  the  trajectories  must  be  syaaetrlcal  about 
the  turning  points. 

By  means  of  an  analysis  essentially  the  same  as  for  the  plane  mag- 
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netron,  *  we  nay  obtain  the  equations  of  the  trajectories.  We  define 
a  transverse  current  density  J  such  that 

y 

Jy  -  Pq/  •  2|jy1  -  2|jy-|  ,  (2.10) 


where  J  and  J  are  the  current  densities  associated  with  the  two 

y  y 

components  of  the  double  streaming  flow.  We  further  assuoie  that  the  beam 
originates,  with  zero  velocity,  from  a  cathode  which  does  not  Intercept 
magnetic  flux.  Under  these  conditions  It  can  be  shown  that  the  curl  of 
the  generalized  mamentum  -  eA  (where  A  Is  the  magnetic  vector 
potential)  must  vanish  everywhere  In  the  beam.  It  follows  that 
m|x  -  uig(y  -  yQ)j  which  we  define  as  p^  ,  Is  a  constant  of  the  motion, 
eqxial  for  all  electrons  In  the  beam. 

We  consider  a  single  trajectory  such  that  at  time  t  =  0  the  elec¬ 
tron  following  this  trajectory  is  on  the  lower  edge  of  the  beam  at  y  *  y^ 
As  the  electric  field  has  only  a  y  component  we  may  write 


dt 


J 

JL 


(2.11) 
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Circuit 


•  B, 


FIG.  2.3 — Single  trajectory  bean. 
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hence 


f  ‘  *  V 

®0 


(2.12) 


where  is  the  traneveree  electric  field  at  the  lover  edge  of  the 
heaa.  By  substituting  this  expression  into  Eq.  (2.2a)  and  integrating, 
noting  that  at  the  turning  points  y  -  0  ,  we  obtain 


COStD^t ) 


nJ 


^0% 


sinoj^t ) 


(2.13) 


Substituting  Eq.  (2.13)  Into  Eq.  (2.2b)  and  Integrating,  results  in  the 
other  trajectory  eqxiation 


(cD^t) 


(2.1*^) 


Biere  y^  and  axe  the  coordinates  of  the  electron  at  the  lover  edge 
of  the  beam  at  t  *>  0  . 

We  note  fron  Eq.  (2.13)  that  y  and  y  vanish  when  cu^t  assunes 
even  integral  multiple  values  of  n  if  and  only  if 


CD  nii 
c 


(2.15) 


This  requirement  is  equivalent  to  specifying  that  the  net  acceleration 
experienced  by  an  electron  at  the  lower  edge  of  the  beam  is  zero.  If 
this  condition  is  satisfied,  the  beam  becomes  "striated”  (see  Fig.  2.3b) 
with  internal  planes  of  Inflection  which  have  infinite  charge  density 
as  do  the  beam  boundaries.  At  the  values  of  y  corresponding  to  these 
strlatlons,  y  and  y  are  both  zero  so  that  the  transverse  motion 
may  reverse  its  direction,  that  is,  y  may  undergo  a  change  in  sign. 
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Consequently,  the  double  streaming  may  occur  between  strlatlons  as  well 
as  between  the  actual  beam  boundaries. 

Adequate  discussions  of  these  strlatlons  and  the  associated  double 

stresmlis  effects  have  been  given  in  conjunction  with  the  theory  of  the 
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plane  magnetron.  '  The  principal  distinction  between  the  case  of  the 
magnetron  and  beam  which  we  have  discussed  is  the  nature  of  the  boundary 
conditions  at  the  lower  edge  of  the  space  charge.  Thus  in  the  case  of 
the  magnetron,  this  boundary  is  at  the  cathode,  and  ignoring  thermal 
velocity  effects,  the  vanishing  of  here  is  a  necessary  condition 

for  strlatlons,  while  for  the  beam  the  more  general  statesient  of  Eq.  (2.1^) 
must  be  tz*ue. 

Externally,  the  striated  beam  is  indlstlnguishible  from  a  Brlllouln 
flow  beam  since  for  a  given  longitudinal  current  per  width  in  the  z 
direction,  the  striated  beam  has  the  saste  thickness,  the  same  position 
relative  to  the  sole  and  circuit,  eind  the  same  potential  and  fields  on  its 
boundaries  as  does  the  planar  beam.  Indeed,  the  planar  beam  may  be  con¬ 
sidered  as  the  limiting  case  of  an  infinite  nusiber  of  strlatlons. 

If  Eq.  (2.13)  does  not  hold,  the  beam  is  less  compact  and  has  a  lower 
charge  density  than  striated  or  laminar  flow.  In  effect,  such  a  flow  has 
an  extra  degree  of  freedom  associated  with  the  value  of  the  parameter  in 
Eq.  (2.1^).  In  practice,  it  is  thought  that  the  various  foims  of  the 
long  gun  (Chapter  III)  produce  beams  which  approximate  >;he  nonstriated 
single  trajectory  model.  To  the  knowledge  of  the  author,  neither  the 
planar  nor  striated  fozms  have  been  realized  experimentally  by  previous 
workers . 

2.  Miller’s  Hydrodynamical  Analysis 

Miller”  has  considered  the  nonlamlnar  M-type  of  crossed-fleld  beam 
from  a  somewhat  different  point  of  view.  The  single  trajectory  model  is 
an  application  of  the  "Lagrangian  formulation”  of  beam  dynamics,  in  that 
electrons  are  considered  as  definite  particles  whose  orbits  are  obtained 
explicitly  as  functions  of  the  time.  Miller  adopts  the  hydrodynamical  or 
"Euler ian”  approach  to  take  account  of  nonlamlnar  flow.  Motion  of  the 
space-charge  stream  is  described  in  terms  of  the  local  average  velocity, 
the  local  average  space-charge  density,  and  a  velocity  distribution 
function  which  is  a  function  of  the  phase  space  coordinates.  It  is  assumed 
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that  all  particles  within  a  given  vol\aae  element  of  the  stream  mvist  have 
equal  speeds,  but  not  necessarily  eqvial  velocities,  thus  permitting 
Individual  electron  trajectories  to  cross.  The  distribution  function 
then  gives  a  measure  of  the  angular  spread  in  velocity  direction  about 
the  average  value  In  a  given  vol\aie  element  in  the  stream. 

The  Lorentz  equation  in  this  hydrodynamic  formalism  is  written  as 
follows : 

—  ♦ - 2f_  .  +  V(,  X  Bq)  .  (2.16) 


Here  Vq  and  are  the  local  average  values  of  velocity  and  charge 
density  CoulcSb  forces  are  included  in  the  electric  field  intensity 
E-  .  The  tern  P  is  an  antlsysnetrlc  tensor  ccsqpletely  analogous  to  the 
hydrodynamic  pressure  tensor,  nie  components  of  P  are  then  of  the 
form 


Uj^UjPdu 


u. 


IJ 


(2.17) 


The  subscripted  u's 
system  of  the  vector 
velocity  directions, 
that 


are  the  components  in  an  orthogonal  coordinate 
u  >  V  -  v^  ,  where  v  ranges  over  all  possible 
The  distHbution  function  F(v,r)  is  defined  such 


I 


Fdv  =  p 


0  " 


(2.18) 


and  hence 


(2.19) 


In  the  case  of  laminar  flow,  F  becomes  a  5  function,  and  u  and 
hence  all  are  Identically  zero. 

This  hydrodynamlcal  formalism  is  used  to  analyze  a  nonlamlnar  M- 
type  flow.  Externally,  this  flow  model  is  the  same  as  that  of  the  pre¬ 
ceding  sections  in  that  the  stream  boundaries  are  rectilinear.  In  addition, 
the  following  assumptions  are  made.  (Refer  to  Fig.  2.2-) 
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(1)  The  averaat  stream  velo'ilty  Is  assumeu  to  ha\  .  onl,'  an  x 

comp<ment  and  furthermore  Is  assumed  to  be  a  linear  function  of 

y  of  the  form  »  ^y  >  where  H  Is  a  constant  determined  by  the 
Internal  nature  of  the  stream. 

(2)  The  charge  density  Is  assmed  to  be  uniform  across  the  stream, 
and  the  average  stream  motion  is  assumed  to  be  InvEurlant  In  x  and  z  . 

Underdose  assumptions  all  elestents  of  P  In  the  stream,  except 
u^..  and  u  are  zero.  From  Eq.  (2.16),  Poisson's  equation  and  the 

JT 

conserva\.xw  f  energy,  the  magnitudes  of  these  two  quantitltes  are 
obtained  as  a  function  of  the  stream  parameters  and  the  local  position 
in  the  stream.  While  the  detailed  natura  of  the  nonlinear  trajectories 
Is  not  specified,  the  quantity  ^  considered  to  be  a 

direct  measure  of  the  notilaislnarity  of  the  flow. 

The  significant  results  of  the  analysis  may  be  stated  qualitatively 
as  follows: 

/V  (ik  For  a  given  beam  geometry  and  external  environment, 

^  2 

u^  +  Uy  /Vq^  Increases  with  decreasing  charge  density  . 

(2)  For  a  given  charge  density  and  external  environment,  this  same 
nonlaminarlty  parameter  Is  larger  for  thick  streams  [yQ/(yQ 
than  for  thin  streams  ***  6)  »  1]  . 

(3)  Under  all  conditions,  equality  being  true 

only  In  the  case  of  Brlllouln  flow. 

It  may  be  noted  that  (l)  Is  in  general  agreement  with  the  results 
of  the  other  nonlamlnar  analysis  given  In  this  chapter.  Conclusion  (2) 

Is  Interpreted  by  the  author  to  imply  that,  for  thick  streams,  nonlamlneu: 
perturbations  from  the  average  stream  motion  may  be  large  and  hence  that 
such  average  motion  Is  a  poor  description  of  the  true  situation.  For 
thin  streams,  however,  the  author  concludes  that  since  the  perturbed 
quantities  are  relatively  small,  this  model,  based  on  the  motion  of  an 
average  stream,  la  a  realistic  one. 

C.  WATERS'  PARAXIAL  WORK 

9 

In  a  general  paraxial  analysis  of  crossed-fleld  sheet  beams,  Wiaters 
has  considered  a  model,  based  on  small  amplitude  departures  from  the 
Brlllouln  flow  conditions,  which  Is  characterized  by  periodically 
undulating  boundaries.  This  analysis  assumes  the  nature  of  the  central 
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"ray  axis"  to  be  specified  in  advance.  The  flow  then  consists  of  small 
extensions  on  either  side  of  the  ray  axis.  Furthermore,  angles  between 
the  trajectories  of  edge  electrons  and  the  ray  axis  are  assusMd  to  be 
small.  Under  these  restrictions  a  paraxial  ray  equation  relating  beam 
thickness  to  path  length  along  the  ray  axis  Is  derived.  This  equation 
Is 

20{"  +  ^'6'  +  fi"  ♦  2KB.V  -  -  +  - 1^^^= -  ,  (2.20) 

^  ^  “2€qWV-2i^ 

where 

8  s  arc  length,  measured  from  any  convenient  point  on  the  ray  socls 
^  a  beam  potential  as  function  of  arc  length  on  the  ray  axis 
(  a  beam  thickness  as  a  function  of  arc  length 
K  a  curvature  of  the  ray  axis  as  a  function  of  arc  length 
V  >  beam  velocity 
w  a  beam  width,  a  constant 
a  total  beam  current 

'  denotes  differentiation  with  respect  to  s  . 

The  solutions  of  Eq.  (2.20)  are  examined  by  Waters  for  a  number  of 

specific  geometries  and  boundary  conditions.  For  M-type  geosustry  where 

the  ray  axis  Is  linear,  necessary  conditions  for  an  unrlppled  beam 

({a  consteuit)  are  found  to  be:  (l)  the  flow  must  be  parallel  to  the 

ray  axis  at  the  plane  of  injection  and  (2)  the  total  current,  velocity 

and  beam  thickness  must  be  related  such  that  w  a  o)  if  these  con- 

c  p 

dltlons  are  not  fulfilled,  the  paraxial  analysis  predicts  boundary 

rippling  with  a  period  corresponding  to  the  cyclotron  wavelength  . 

In  the  cases  where  the  current  is  too  small  or  too  large,  the  rippling 

beam  is  found  to  have  an  average  thickness;  for  which  .  The 

various  possible  flows  are  lllxistrated  in  Fig.  2.^. 

Waters'  analysis  also  provides  quantitative  information  about  the 

magnitude  of  departure  from  Brlllouin  flow.  In  particular,  a  necessary 

condition  was  found  so  that  crossing  of  the  ray  axis  would  not  occvir. 

This  criterion  is  that  co  /oj  >  ?  .  It  is  Interesting  to  ccanpare  this 

p  c  “ 

result  with  the  conclusion  which  Miller  draws  from  his  nonlaminar  model. 
Miller’s  analysis  predicts  that  the  maximum  degree  of  nonlamlnarity  which 
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b.  Current  too  large 


Injection  plane 


c.  Nonparallel  flow  at  Injection  plane 


PIG.  2.14; --Nonparallel  flow  as  predicted  by  paraxial  theory. 
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can  occur  in  a  beam  of  given  dimensions  is  proportional  to  a  term 
(l  -  CDp  /n  )  where  0  >  ,  the  equality  occurring  for  regular 

Brillouln  flow.  Thus>  in  spite  of  the  quite  different  nature  of  the  two 
models,  they  both  predict  the  severest  nonlaminarltles  for  small  values 
of  the  ratio  • 

D.  UNDULATING  BEAMS  RESULTING  7RCM  IMPROPER  INJECTION  OPTICS 

In  the  preceding  sections  we  have  considered  examples  of  nonlamlnar 
flow  which  may  exist  In  the  same  environment  as  the  planar  flow.  Each 
of  the  models  considered  is  intrinsically  nonlamlnar,  that  is,  they  are 
characterized  by  crossing  trajectories  and  for  the  most  part  by  lower 
charge  densities  than  that  required  by  the  Brillouln  condition  [Eq.  (2.8)}. 

We  now  consider  another  fom  of  perturbed  Brillouln  flow.  It  may 
be  assumed  in  practice  that  intrinsically  nonlamlnar  beams  are  the  result 
of  inadequate  gun  optics.  But  even  assuming  a  gun  which  is  capable  of 
accelerating  and  focusing  a  beam  so  that  at  the  gun  exit  the  beam  ful¬ 
fills  the  Brillouln  conditions,  certain  matching  conditions  at  the  gun 
exit  plane  must  be  satisfied  if  Brillouln  flow  is  to  be  achieved  in  the 
Interaction  region.  Thus,  if  at  the  plane  of  injection  a  discontinuity 
in  the  external  fields  or  potential  exists,  or  if  the  beam  is  injected 
nonparallel  to  the  plane  of  the  sole,  the  beam  will  not  be  planar  in 
the  interaction  region.  The  typical  behavior  of  beams  under  the  influence 
of  errors  in  injection  optics  is  shown  in  Fig.  2.^.  In  Fig.  2.^  the 
beam  is  injected  nonparallel  to  the  sole  plane  and  in  Fig.  2.^b  a  dis¬ 
continuity  in  exists  at  the  gun  exit. 

In  this  section  we  shall  consider  the  nature  of  a  well  defined  beam 
(which  may  or  may  not  satisfy  the  Brillouln  conditions)  which  is  injected 
into  the  interaction  region  under  the  influence  of  such  errors  in  injection 
optics.  It  should  perhaps  be  pointed  out  that,  in  the  course  of  some  of 
the  experimental  work,  observations  were  made  which  tended  to  indicate 
that  undulating  beams  of  this  type  might  be  subject  to  dc  instabilities. 
More  details  will  be  given  in  a  later  section  of  this  work  (Chapter  V), 
but  it  may  be  noted  here  that  the  experimental  results  have  provided 
the  motivation  for  work  which  is  described  in  this  section. 

In  the  absence  of  space-charge  effects  the  motion  of  a  charged 
particle  in  a  region  of  uniform  crossed  fields  is  well  known.  In 

-  I;-  - 


a.  Bean  is  injected  nonparallel  to  planes 
of  circuit  and  sole 


Injection  plane 


b.  Discontinuity  in  electric  field  between 
gvin  and  interaction  region 


PIG.  2. 5- -Beam  undulations  resulting  frcai 
errors  in  the  injection  optics. 
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particular,  If  the  particle  is  injected  into  the  uniform  field  region vdth 
velocity  whose  magnitude  is  b.  direction  normal  to  both 

and  ,  the  resulting  trajectory  is  linear.  If  the  injection  conditions 
are  only  slightly  different  from  those  for  the  linear  trajectory,  the 

motion  is  approximately  sinusoidal  with  a  periodic  length  . 

(2) 

The  motion  of  a  thin  beam^  '  injected  under  such  conditions  might  be 
expected  to  be  similar,  although  in  the  case  of  Brlllouln  or  near-Brlllouln 
beams,  space-charge  forces  may  well  be  of  sufficient  majgnltude  to  sub¬ 
stantially  alter  the  motion  of  the  beam. 

Little  attention  has  been  given  to  this  problem  in  the  literature. 

9 

Waters  has  shown  on  the  basis  of  his  parsoclal  theory  that  the  focusing 
properties  of  crossed-flelds  hold  even  though  the  ray  axis  is  sinusoidal. 
Thus  on  the  basis  of  dc  considerations,  one  would  expect  the  beam  thickness 
6  to  be  constant  or  at  worst,  periodic,  as  the  undulating  beam  drifts 
through  the  interaction  region.  Plerc^^has  predicted  that  no  dc  insta¬ 
bilities  of  the  sort  observed  with  cylindrical  hollow  crossed-field  beams 
should  be  found  in  the  case  of  planar  beams.  On  this  basis  the  magnitude 
of  the  undvilatlons  would  presumably  be  a  constant  which  is  determined 
by  the  entrance  conditions  and  uniform  fields  in  the  drift  region. 

In  an  attempt  to  gain  further  insight  into  the  nature  of  such  un¬ 
dulating  beams,  a  dc  small-signal  field  analysis  including  space-charge 
effects  has  been  made  for  the  case  of  a  thin  beam.  The  details  are  found 
in  Appendix  A.  A  significant  difference  exists  between  this  analysis 
and  those  discussed  in  conjunction  with  other  nonlamlnar  models  in  this 
chapter.  All  of  the  previous  nonlamlnar  models  specify  only  that  a 
uniform  static  dc  electric  field  is  to  exist  in  the  region  of  the  flow; 
however  they  do  not  consider  the  precise  configuration  of  external  elec¬ 
trodes  which  supply  this  field.  The  analysis  in  Appendix  A  takes  into 
accovint  not  only  the  space-charge  forces  due  to  the  beam  Itself,  but, 
since  impedances  above  and  below  the  beam  are  matched  to  the  circuit 
and  sole  electrodes,  also  the  forces  due  to  the  images  of  the  beam  in 
these  electrodes.  As  a  result,  the  fields  acting  on  the  beam  depend 
upon  the  relative  spacing  of  the  sole  and  circuit  and  on  the  position 

of  the  beam  with  respect  to  these  electrodes. 

(2) 

'  '  We  shall  assume  the  Inequality  5  «  X  to  be  the  criterion  for 
a  thin  beam.  ^ 
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We  shall  state  the  results  of  this  analysis  here.  In  the  absence 
of  space-charge  effects,  for  a  thin  rippling  bean  whose  parameters  are 
assumed  to  vary  longitudinally  as  e**^^  ,  and  In  the  absence  of  space- 
charge,  we  find  as  expected  that 

P  -  +  Pg  ;  (2. a) 

however,  when  the  effects  of  space  charge  are  Included,  we  obtain 

P  -  ±OPc  ‘ 

where  a  and  are  real  numerical  factors  which  depend  on  the 

^  (3) 

geometry,  the  charge  density  of  the  beam,  and  '  These  results 

have  been  calculated  to  first  order  In  the  quantity  Pp^P/P^  >  which  Is 

a  small  quantity  In  the  thin  beam  approximation.  Since  and  la  -  II 

are  also  of  first  order  In  this  quemtlty,  the  perturbing  e^ect  of  the 

space-charge  on  the  values  of  p  Is  also  small.'  ' 

The  effects  of  the  boam  Images  In  the  sole  and  circuit  become  quite 

evident  If  we  examine  the  constants  appearing  In  Eq.  (2.22)  under  some 

limiting  or  special  geometries.  Thus  If  the  sole  and  circuit  are  spaced 

quite  closely  together  In  casqArlson  to  the  beam  wavelength  so  that 

pd  «  1  ,  we  find  that  P-  ■  0  emd 

/  V 

•  ^2.23) 

Under  these  conrltlons  the  fields  acting  on  the  beam  due  to  the  beam 
Images  In  the  role  and  circuit  become  much  stronger  than  is  the  case  for 
larger  values  it  d  ,  and  as  a  result  the  total  space-charge  effects  may 
become  quite  large.  Hovr  If  the  beam  Is  located  midway  between  the  sole 


Refer  to  Eq.  (A.lfl)  In  Appendix  A  for  the  definition  of  these 
quantities . 

^^^Ree  an  exception  in  the  discussion  of  Eq.  (2.14). 
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and  circuit  and  If  the  Inequality  leading  to  Eq.  (2.1^)  does  not  hold, 
ve  may  show  that 

e/e 

P-i». - ® -  .  (2-SM 

2  slnh  d 
c 

and  In  the  llodt  of  large  aole-clrcult  spacing  such  that  B  d  »  1  i  ve 

c 

see  that  the  propagation  constant  assumes  the  values  given  by  Eq.  (2.21) 
which  were  obtained  by  neglecting  space-charge  effects.  An  index  of  the 
space-charge  perturbation  is  given  by  the  magnitude  of  the  quantity 
3  6/  sinh  3.^  as  compared  to  3^  •  For  a  Brillouin  beam  of  ^0  ma  with 

pc  w 

w  >  1.1  in. 

(I«et  -  «„)  ■  500  V 

-  6oo  gauss 
d  <■  .100  in.  , 

ve  find  that 

1-1  ^  -1 
— K - -  3*31  X  10  m  while  3  -  1*62  x  10^  m  . 

slnh  3d 
c 

Apart  from  these  geometrical  effects,  the  significant  result  of  this 
analysis  is  that  under  no  condition  is  any  part  of  the  propagation  constant 
imaginary;  hence  the  dc  cyclotron  BU>tlon  which  characterizes  the  motion 
of  the  beam  as  a  whole  Is  not  subject  to  growth  or  decay  in  space,  and 
as  a  result  such  a  beam  should  not  exhibit  dc  transverse  cyclotron 
Instabilities.  Ihus,  in  this  respect  our  results  are  in  agreement  with 
those  of  Pierce. 

In  the  case  that  3  is  nonzero  so  that  the  two  values  of  the 

<1 

propagation  constant  given  by  Eq.  (2.22)  are  unequal  in  magnitude,  there 
exists  the  possibility  of  a  beating  phenomenon  between  the  two  solutions, 
assuming  that  both  "waves"  are  excited.  We  thus  might  expect  a  periodic 
variation  in  the  amplitude  of  the  cyclotron  undulation.  Such  a  veorlatlon 
would  then  have  a  periodic  letigth  of  order  of  magnitude  ^^,/Pp  » 

or  for  the  beams  which  have  been  investigated  experimentally,  about  10- 
100  times  .  This  phenonenon  has  not  been  observed  experimentally 


and  the  analysis  has  not  therefore  been  carried  further  to  the  point  of 
ovuMin'twg  the  effects  of  conditions  at  the  entrance  plane. 

It  may  be  noted  here  that  growth  and  decay  of  the  cyclotron  undulations 
existing  on  a  thin  beam  can  occur  If  the  externally  applied  transverse 
electric  field  Is  nonuniform  and  periodic.  This  effect  has  been  strikingly 
observed  experimentally  and  will  be  discussed  later  In  this  work  (see 
Appendix  D). 

In  concluding  this  discussion  of  non-Brlllouln  crossed-fleld  flow, 
it  should  be  eaqphaslzed  that  while  for  purposes  of  description  and 
analysis  the  models  have  been  treated  Individually,  an  actual  beam  pro¬ 
duced  experimentally  might  well  exhibit  the  characteristics  of  more  than 
one  of  the  siodels.  As  a  result,  the  ccoiplete  description  of  such  a  beam 
would  of  necessity  beccsM  scBMwbat  more  cosqplex,  although  In  the  case  of 
scBie  of  the  models,  the  nonlamlnar  beams  have  been  consldere'  <is  first 
order  perturbations  from  the  laminar  flow,  and  hence  in  principle  these 
effects  could  be  ccsiblned  linearly  In  a  more  detailed  analysis. 

E.  THE  DESIGN  OF  CROSSED  FIELD  GUNS 

In  the  previous  sections  we  have  considered  the  nature  of  some  forms 
of  steady-state  space-charge  flow  which  may  exist  In  M-type  uniform 
crossed  fields.  Little  attention  has  been  given  to  the  means  of  launching 
such  beasw  smd  to  the  effects  that  deficiencies  in  a  particular  gun 
structure  might  have  on  the  nature  of  a  beam  after  it  has  been  Injected 
into  the  Interaction  region.  Instabilities  usually  associated  with  such 
crossed-fleld  beams,  which  are  evidenced  by  sole  current®' and 

Ilf- 

excessive  noise,  have  not  been  considered,  although  these  may  well  be 
related  to  the  dc  state  of  the  beam. 

It  Is  tempting  to  assume,  although  perhaps  not  with  complete 
Justification,  that  these  instabilities  are  In  some  way  related  to,  or 
at  least  are  characteristic  of,  nonlamlnar  beams.  In  this  respect,  a 
type  of  multistream  amplification  might  be  a  contributing  fsctor.  In 
any  event,  one  could  obtain  a  considerable  amount  of  insight  into  the 
problem  if  it  were  possible  to  produce  and  identify  planar  Brillouln 
flow  experimentally.  As  will  be  seen  in  the  following  chapter,  earlier 
guns  have  not  even  approximately  produced  such  beams,  and  it  is  from  this 
point  that  the  present  work  proceeds. 


A  crossed  -field  gun  which  is  to  establish  Brillouin  flow  must 
accelerate  euid  focus  electrons  from  a  cathode  in  such  a  manner  that  at 
the  injection  plane  of  the  interaction  region  the  beam  boundaries  are 
each  parallel  to  the  plane  of  the  sole.  If,  as  is  usually  the  case, 
the  cathode  is  a  vinipotential  one,  Eqs.  (2.6)  and  (2.8)  must  also  apply. 

At  the  exit  plane  of  the  gun,  the  potentials  supplied  by  external  elec¬ 
trodes  must  be  continuous  and  the  average  speed  of  the  beam  at  injection 
must  be  equal  to  ^q/B^  in  the  interaction  region.  These  latter  con¬ 
ditions,  insofar  as  dc  beam  optics  are  concerned,  msy  be  closely  satisfied 
by  the  correct  location  of,  and  the  dc  potentials  applied  to,  the  sole  and 
circuit,  and  thus  place  no  serious  limitations  on  the  gun. 

nie  practical  limitations  of  presently  available  cathode  materials 
and  the  relatively  high  cvirrent  densities  required  in  the  beam  make  a 
convergent  gun  very  desirable.  Whether  the  gun  is  to  be  operated  tem- 
I>erature-or  space-charge-limited  is  at  present  very  much  open  to  question. 
While  in  certain  respects  the  space-charge-limited  mode  is  more  stable, 
particularly  in  terms  of  short-term  cathode  poisoning  and  emission 
"slusqps,"  there  is  a  considerable  amount  of  evidence  to  indicate  that 
the  inherent  crossed-fleld  Instabilities  are  related  to  space-charge- 
llmltatlon  at  the  cathode.  This  question  will  be  discussed  in  somewhat 
greater  detail  in  Chapter  V. 

A  further  characteristic  of  guns  which  are  to  be  utilized  in  certain 
types  of  devices,  particularly  in  the  case  of  oscillators,  is  often 
desirable.  Backward  wave  oscillators  are  tuned  by  varying  the  beam  drift 
velocity  which  in  turn  is  accomplished  by  adjusting  the  voltage  on  the 
circuit.  Hence  the  emission  current  of  guns  used  in  these  devices  should 
be  relatively  insensitive  to  changes  in  circuit  voltage. 


III.  FBmaJS  CROSSED-FIELD  OUN  DESIQIIS 


A.  IRTROIXJCTIQN 

Previous  to  the  work  under  discussion,  electron  guns  for  M-type 
crossed-fleld  devices  have  usually  been  of  one  of  the  types  referred  to 
under  the  general  classification  of  "short”  or  "long"  guns.  In  the  case 
of  both  of  these  forms,  the  entire  gun  Is  located  In  the  same  uniform  dc 
magnetic  field  as  the  rest  of  the  tube,  and  hence  the  electron  ballistics 
within  the  gim  are  dependent  on  magnetic  as  veil  as  electrostatic  and 
space-charge  forces.  Moreover,  space-cheirge  forces  have  usually  been 
Ignored  In  the  design  of  these  two  types  of  guns.  A  third  type  of  gun 
which  has  received  soaw  attention  nakes  use  of  a  convergoit  "Pierce  gun" 
In  a  shielded  region  free  from  dc  magnetic  field.  The  beam  from  such  a 
gun  Is  then  Injected  Into  the  rf  Interaction  area  through  a  timnsltlon 
region  In  which  the  magnetic  field  is  gradually  Increased  from  zero  to 
the  value  desired  In  the  Interaction  region.  In  the  following  sections 
we  shall  consider  each  of  these  three  types  of  guns,  pairbicvilarly  In 
terms  of  their  effectiveness  In  producing  a  beam  characterized  by  regular 
laminar  flow. 

Neglecting  space-charge  effects,  the  tvo-dlmensimal  action  of  an 

electron  In  the  N-type  geometry  may  be  quite  generally  described  by 
15 

the  equations 


■ 

o 

(3.1a) 

io^So 

(3.1b) 

(3.1c) 

Here  v^^  represents  the  velocity  with  which  the  electron  is  Injected 
Into  the  uniform  crossed-field  region.  The  isotlon  Is  that  generated 
by  a  point  on  the  circumference  of  a  circle  of  radius  r  rotating  with 
angular  velocity  whose  center  Is  moving  with  constant  velocity  ^  . 
The  four  possible  types  of  cycloidal  motion  are  shown  in  Fig.  3.1  In  order 
of  decreasing  magnitude  of  r  and  increasing  v^  .  In  Fig.  3*la> 
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we  have  r  >  t  laijlying  a  negative  injection  /eloclty;  In  3* It  we 

have  Vj,  ■  0  ;  in  3*le  0  <  v^^  <  v^  --  In  this  ease  for  sufficiently 
eaall  r  the  motion  Is  approximately  sinusoidal;  in  3* Id  ~  Xq  ’■  0 

and  the  motion  Is  linear.  As  v^  Is  further  Increased  the  dlasses  of 
motion  repeat  in  the  reverse  sequence.  In  each  case  the  spatial  periodicity 
of  the  motion  Is  the  cyclotron  wavelength  X  . 

C 

Now  any  type  of  simple  gun  structure  which  Is  immersed  in  a  imignetlc 
field,  ,  will  usually  he  characterized  by  having  cycloidal  electron 
Xxwjecto^les  like  that  In  Tig.  3«lh,  at  least  to  the  approximation  of 
negligible  thenal  velocities  at  the  cathode  and  Ignoring  the  effects  of 
space-charge.  But  since  it  Is  desired  that  after  the  beam  leaves  the  gun 
It  be  charactex'lzed  by  linear  trajectories  as  In  Fig.  3«ld,  a  suitable 
gun  must  be  capable  of  transfozvlng  the  cycloidal  trajectories  Into  linear 
motion  at  the  point  of  injection  into  the  Interaction  region.  If  this 
transition  is  accoBipllshed  In  a  distance  less  than  one  cyclotron  wave-i 
length,  the  gun  Is  usually  referred  to  as  a  "short"  guu,  while  If  several 
or  many  cyclotron  wavelengths  are  needed,  the  gun  is  designated  as  a 
"long"  gun. 

B.  THE  SHORT  OUN 

The  geometry  for  a  comson  form  of  short  gun  is  shown  in  Fig.  3*2. 
Neglecting  space  charge  and  thermal  velocities  at  the  cathode,  the 
trajectory  of  an  electron  from  the  cathode  is  a  cafflou>n  cycloid  as  In 
Fig.  2.1b. At  the  top  of  the  cycloid,  moreover,  the  electron  velocity 
Is  2E^B^  and  is  perpendicular  to  both  ^  and  ^  .  At  this  point 
the  electric  field  Is  abruptly  Increased  by  a  factor  of  two  by  adjusting 
both  the  position  and  potentials  of  the  sole  and  circuit  elements  correctly. 
Under  these  conditions  electrons  from  a  single  point  on  the  cathode  would 
be  injected  into  the  interaction  region  with  exactly  the  proper  v^^ 
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'  On  the  basis  of  paraxial  theory.  Waters'^  has  shown  that  in  the 

presence  of  space-charge  forces  the  trajectories  are  not  cycloidal  near 

the  cathode. 
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FIG.  3<2 — Tjrpical  short  gun  geoaetry. 
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for  linear  flow.  For  such  electrons  the  following  relations  stust  hold: 


d 


(3.2a) 


which  expresses  the  above-nentloned  field  discontinuity  at  the  gun  exit, 


(Fft  +  c)  —  -  -  0,)  —  , 


(3.2b) 


which  liqillea  potential  continuity  along  the  besa 


(3.2c) 


which  Insures  conservation  of  energy,  and 


c  y„ 


I-?. 


A 

2.  " 


(3.2d) 


which  specifies  the  half-cycloldal  nature  of  the  gun  trajectories.  For 
definitions  of  the  symbols,  refer  to  Fig.  3.2. 

For  a  given  beam  voltage  fi  and  the  other  voltages  and  the 
dlaenalons  of  the  system  are  related  by  these  equations.  The  beam  voltege 
may  be  varied  without  changing  the  shape  of  the  trajectory  by  varying 
all  other  voltages  proportionally,  provided  that  at  the  same  time  B^ 

Is  vsrled  as  the  square  root  of  the  voltage.  It  should  be  noted  further 
that  In  practice  the  gun  anode  Is  placed  Just  above  the  position  grazing 
the  top  of  the  cycloid  In  order  to  achieve  maxlsnm  perveance.  In  addition 
a  negative  grid,  the  so  called  "Vtehnelt"  electrode,  may  be  located  as 
shown  In  Fig.  3.2  to  supply  an  extra  degree  of  freedom  In  adjusting  the 
transition  region  field  and  as  a  means  of  shielding  the  cathode  from 
effects  of  tuning  the  circuit  voltage. 

While  the  above  considerations  may  be  reasonably  valid  for  a  single 
electron  trajectory  from  a  cathode  of  very  small  length  ^  ,  certain 
difficulties  arise  when  't  is  not  small.  Ignoring  space-charge  forces, 
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the  edge  trajectorlee  from  a  cathode  of  finite  length  vo\ild  be  expected 
to  croee  near  the  exit  of  the  gun.  Thus,  not  only  le  the  practical 
convergence  of  such  a  gun  llKLted>  but  In  adddltlon,  the  beam  could  be 
expected  to  be  nonlaalnar  and  exhibit  crossing  trajectories  In  the  Inter¬ 
action  region  away  fron  the  gun.^^^  In  practice  It  appears  that  due  to 
space-charge  forces  the  crossover  problem  may  not  be  so  severe.  Figure 
3.3  shows  the  edge  trajectories  frosi  a  cathode  of  finite  width  for  a 
short  gun  geoswtry  as  given  by  Miller  and  Larson. niese  trajectories 
were  obtained  by  using  an  analog  trajectory  tracer.  Figure  3 •3s  shows 
the  trajectories  obtained  neglecting  space-charge,  while  Fig.  3>3b  shows 
the  same  edge  trajectories  when  an  approximate  computation  of  space-charge 
effects  was  Included  In  the  calculation,  nie  convergence  of  the  latter 
gun  Is  seen  to  be  quite  limited,  although  trajectory  crossing  Is  not 
apparent.  In  practice  It  may  be  supposed  that  a  space-charge-limlted 
short  gun  Is  chairaeterlzed  by  both  trajectory  crossing  and  unwanted 
space-charge  spreading. ^ ^ 

In  spite  of  these  difficulties  the  short  gun  has  been  widely  used 
both  In  casmmrclal  crossed-fleld  tubes  and  In  various  types  of  experi¬ 
mental  crossed-fleld  devlces.®'^®*^^ 

C.  THE  LORO  GUH 

Figure  3*^  shows  a  number  of  possible  Idealized  long  gun  geaswtries 
for  thin  beamsas  given  by  Wlghtman.^^  The  guns  In  3>^  &nd  3>^b  utilize 
a  periodic  variation  In  transverse  electric  field  as  a  means  of  damping 
the  cyclotron  undulations  on  the  beam.  Ibe  periodicity  In  for  these 

two  cases  Is  X^/2  .  Figures  3*^  end  3>^  Illustrate  a  second  form, 
characterized  by  a  snnotonlcally  Increasing  transverse  electric  field 
Eq  ,  the  variation  occurring  dlscontinuously  in  Intervals  of  .  It 
Is  quite  clesur  from  these  four  Illustrations  that  guns  of  these  types, 
depending  upon  periodic  and  discontinuous  Jumps  In  E^  (and  h«ice  v^) 

Wench  workers^^  have  reported  that  larger  cathodes  tend  to  Increase 
beam  thickness  and  decrease  the  useful  beam  efficiency  by  Increasing  the 
velocity  spread.  A  maximum  value  of  the  ratio  of  2  to  3  Is  reported. 

See  sketches  of  crossed-fleld  beams  In  geometries  slBd.lar  to  the 
short  gun  observed  by  gaseous  discharge  techniques  and  reported  by  Van 
Duzer,20  page  96. 
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a.  Without  space  charge 


Circuit 


b.  Including  space  charge 


FIG.  3.3->Short  g\m  trajectories  calculated  by  Miller  and  Larson. 
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FIG.  3.4— Sane  possible  long  gvm  configurations.  (After 
Vlghtnan) 

a;b  .>  Attenuation  of  cyclotron  waves  by  periodic 
transverse  electric  field 

c,d  Monotonlc  increase  of  transverse  electric 
field 
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are  only  feasible  for  thin  beoas  from  short  cathodes . 

A  useful  modification  of  the  form  shown  In  Fig.  3*^  Is  found  In 

15 

the  adiabatic  gun  illustrated  in  Fig.  In  this  case  Is 

Increased  continuously >  but  slowly  over  the  length  of  the  gun.  The  tern 

"long  gun"  Is  usually  In  reference  to  this  fom. 

The  adiabatic  gun  is  based  on  an  application  of  Ehrenfest's  principla  of 

adiabatic  Invariance.  For  the  dynamlced  system  composed  of  an  electron 

under  M*type  crossed-fleld  conditions  and  Ignoring  space-charge  effects, 

2 

It  can  be  shown  that  the  quantity  o  r  Is  Invariant  under  changes  in 

C 

external  fields,  provided  that  these  changes  take  place  In  a  period  t 
such  that  T  »  2it/(o^  .  Equivalently,  one  may  consider  variations  in 

time  to  be  brought  about  by  the  drift  velocity  of  an  electron  carrying 
it  through  a  region  where  the  fields  have  a  spatial  dependency.  In  this 
case  adiabatic  Invariance  requires  that  any  spatial  variation  In  fields 
be  small  In  the  distance  traveled  by  an  electron  during  the  time  t  . 

Using  the  Invariance  condition  In  conjunction  with  the  trajectory  Eqs. 

(2.1a),  (2.1b),  (2.1c)  In  both  the  cathode  region  and  In  the  Interaction 
region,  relationships  which  determine  the  beam  thickness  In  the  Interaction 
region  are  obtained: 


d 


(1  +  tf 


(1  -  tf 


2 


f 


(b^/Bo)3/2  -  r 


for  uniform  B 


B 

c 


1/2 


..  3;  _ 


(3.3a) 


(3.3b) 


(3.3c) 


(3.3d) 


(3.3e) 


Here  the  subscript  0  refers  to  quantities  In  the  cathode  region  and  the 

subscript  1  refers  to  quantities  in  the  interaction  region.  For  the 

ease  of  f  ■  1  the  motion  (again  Ignoring  thezmal  effects  at  the  cathode) 

is  that  Bhovm  in  Pig.  3 -lb.  For  f  <  1  ,  jP^ax  "  ^mlnl  interaction 

region  is  less  than  would  be  the  case  for  parallel  electrodes  in  a  uniform 

field,  thus  resulting  in  an  Increase  in  beam  compactness  with  no  restrictions 

on  ^  ;  however,  as  shown,  the  beam  in  the  interaction  region  would  be 

expected  to  be  cosipletely  nonlamlneor  with  all  trajectories  crossing  all 

others.  However,  under  certain  conditions  a  beam  with  linear  trajectories 

might  in  principle  be  realized:  For  if  r.  -  0  in  the  cathode  region, 

2  ^ 

the  invariance  of  r  Istplies  r^  >  0  for  nonzero  magnetic  fields. 

But  in  the  cathode  region,  we  have 

c 

Now  if  Eq  ,  and  hence  Vq  >  addition  v^  are  zero  at  the 

svirface  of  the  cathode,  then  r^  is  also  zero.  But,  ignoring  thexmal 

velocity  effects,  these  conditions  are  fulfilled  at  the  surface  of  a 

space*charge-llmlted  cathode.  Subject  only  to  the  condition  that  space 

(8) 

charge  and  hence  electric  field  should  vary  adlabatically, ^  '  electronic 
trajectories  should  be  8iKX}th  streamlines  in  the  gun  region  and  llnesu: 
in  the  interaction  region. 

A  fom  of  the  adiabatic  long  gun  was  first  proposed  by  Guenard  and 
13 

Huber.  They  describe  its  use  in  an  exi>erlmental  crossed  field  device 

for  studying  excessive  sole  current  and  the  dioctron  effect.  More  recently 
21 

Bertram  and  Pease  have  proposed  the  so-called  "Ramp  Gun. "  This  form 
of  the  adiabatic  gun  which  includes  the  effect  of  space  charge  uses  a 
series  of  overlapping  electrodes  or  ramps,  fixed  at  different  potentials 
to  achieve  the  adiabatic  variation  in  electric  field. 

It  should  be  noted  that  no  restriction  has  been  placed  upon  the 
precise  nature  of  the  varying  fields  between  the  cathode  region  and  the 
interaction  region.  The  only  requirement  is  that  of  adiabatic  variation. 

It  may  be  further  noted  that  in  one  specific  geometry,  characterized  by  a 


'  ^These  conditions  may  well  not  be  valid  very  near  the  cathode  where 
the  beam  potential  varies  as  the  four- thirds  power  of  path  length  measured 
from  the  cathode. 
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unlfom  ^  and  a  varying  E  produced  by  hyperbolic  electrodes.  It  Is 

possible,  neglecting  space-charge  effects,  to  obtain  the  electronic 

22 

trajectories  directly.  The  results  are  found  to  be  In  agreement  with 
adiabatic  theory,  provided  that  E  Is  made  to  vary  sufficiently  slowly. 


D.  THE  mTET.nF!n  OUR 

The  discussion  of  the  final  form  of  crossed-fleld  gun  to  be  considered 

In  this  chapter,  the  so-called  shielded  gun.  Is  based  primarily  on  the 

23 

work  of  Hoch  and  Watkins.  The  geometry  of  the  gun  Is  shown  In  Fig. 

3.6.  Here  a  convergent  Pierce  type  gun  forms  a  strip  beam  of  electrons 
In  a  region  completely  free  of  magnetic  field.  In  the  fringing  region, 
the  variation  In  ,  along  the  center  axis  of  the  beam,  was  determined 
analytlcsilly  and  the  transition  electrodes  shaped  so  as  to  provide  a 
constant  ratio  of  along  the  sasie  center  axis  of  the  beam.  The 

behavior.  In  the  fringing  region,  of  a  beam  of  finite  thickness,  l.e., 
a  beam  tdiose  edge  trajectories  are  displaced  from  the  stable  center  axis, 
was  Investigated  analytically.  The  analysis  took  account  of  space-charge 
effects.  The  results  Indicated  that  in  the  transition  region  a  finite 
beam  would  be  characterized  by  undulatory  rather  than  linear  boundaries 
and  by  perlodlcsQ.ly  varying  beam  thickness  with  a  spatial  periodicity 
of  approximately  X  .  Experimentally,  only  limited  success  was  obtained 

V 

with  the  gun  and  focusing  system. 

However,  the  principal  difficulties  seemed  to  lie  with  the  shielded 
gun  rather  than  In  the  fringing  region;  for  it  was  found  that  20  to  30 
per  cent  of  the  total  cathode  current  was  Intercepted  by  the  fociising 
anodes  In  the  gun,  while  as  much  as  9^  per  cent  of  the  current  which 
entered  the  crossed-fleld  region  could  be  focused  to  the  collector.  In 
view  of  the  undulating  nature  of  the  beam  boundaries  In  the  transition 
region,  the  beam  would  certainly  be  expected  to  be  nonlamlnar  in  the 
interaction  region,  although  probably  less  nonlamlnso'  than  a  beam  from 
the  general  form  of  the  adiabatic  gun.  Thus  while  in  principle  the 
shielded  gun  could  provide  a  focusing  system  with  a  convergence  of  per¬ 
haps  ten  to  one,  in  its  present  form  it  exhibits  a  number  of  disadvantages, 
not  the  least  among  these,  in  the  opinion  of  the  author,  being  Its 
relatively  high  degree  of  complexity. 
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3.6>-Shlelded  gun  geoaetry 


A  possible  advantage  of  the  shielded  gvin  over  the  nonshlelded  types 
should  be  aentloned.  Since  the  cathode  region  Is  free  of  Magnetic  field, 
Instabilities  resulting  frosi  Magnetic  effects  at  the  potential  alnlaum 
should  be  absent.  It  Is  thought  (see  Chapter  V)  that  such  Instabilities, 

If  Indeed  they  exist,  are  related  to  the  excessive  sole  current  usually 
observed  In  M-type  croesed*fleld  devices.  The  relatively  high  transmission 
through  the  region  of  uniform  crossed  fields  achieved  with  the  experimental 
shielded  gun  Indicates  small  values  of  sole  ciurrent,  although  no  direct 
measurements  of  sole  current  were  reported.  Experimentally,  the  possibility 
of  Increased  beam  stability  resulting  from  a  shielded  cathode  Is  still 
open  to  question. 

In  simmmry,  a  niadjer  of  possible  schemes  for  M-type  crossea-neld 
guns  have  been  presented.  All  of  these  guns  have  been  studied  experijientally, 
and  one  fora,  the  short  run,  has  been  used  extensively  In  devices.  All 
of  these  guns,  moreover,  represent  only  an  approximation  to  the  fundaswntal 
problem  of  producing  a  convergent  space-charge  flow  In  a  crossed  flex'd. 
Practical  guns  have  been  limited  to  convergences  of  the  order  of  unity, 
and  the  resulting  beams  have  most  certainly  been  nonlamlnar. 


IV.  THE  AHALYTICAL  DLijI(3N  OP  CTOSSED-FIBLD  OURS 
A.  IRTRQDUCTIOR 

In  this  chapter  ve  shall  describe  a  general  aethod  for  the  analytical 
design  of  two  new  forms  of  crossed-field  guns.  These  guns  are  based  upon 

the  space-charge  flow  solutions  for  the  linear  magnetron  first  obtained 

1  2  7 

by  Benhaa,  Brlllouln,  Slater,'  and  others.  Certain  portions  of  this 

flow  are  suitable  for  convergent  croased-field  guns.  As  the  space-charge 

solutions  are  obtained  for  a  sead.-lnfinlte  geosMtry,  in  using  a  finite 

portion  of  the  flow  as  the  basis  for  an  electron  gun,  it  is  then  necessary, 

by  means  of  external  electrodes,  to  synthesize  the  correct  potentials 

and  fields  along  the  boundaries  of  the  finite  flow.  Tbls  teehniq^e  of 

designing  crossed-field  guns  is  the  same  as  that  used  by  Pierce  '  in 

designing  electron  guns  based  upon  the  well  Irnown  space-charge  flow 

solutions  of  Langmir.  As  is  the  case  with  cirtaln  forms  of  the  Pierce 

gun,  a  method  of  analytic  continuation  in  the  complex  plane  is  used  to 

obtain  the  proper  external  electrode  system  for  the  crossed-field  gun. 

However,  for  the  present  guns  these  analytic  methods  are  employed  for  a 

beam  with  curvilinear  boxindarles.  Previously  it  has  been  necessary  to 

use  various  analog  methods,  such  as  the  electrolytic  tank,  in  obtaining 

2k  29 

a  suitable  electrode  systoi  for  such  a  beam.  ' 

We  shall  describe  two  types  of  gun,  recently  proposed  by  Kino,  '  ' 
which  are  based  upon  such  design  isethods.  The  first  is  similar  to  the 
French  "short  gun”  in  that  the  traijectories,  in  the  region  of  acceleration, 
are  approximately  half- cycloidal.  Hie  second  gun,  essentially  a  type  of 
"long  gun,"  is  based  upon  an  approximation  to  the  exact  space-charge 
solution,  which  will  be  shown  to  be  valid  under  certain  conditions.  Both 
of  these  guns  have  been  studied  quite  extensively  experimentally.  The 
results  of  these  experiments  are  given  in  Chapter  V. 

Both  of  these  guns  exhibit  a  number  of  obvious  advanteiges  over 
previous  guns.  Since  they  are  based  on  a  space-charge  flow  solution,  the 
current  density  at  the  cathode  and  hence  the  total  mnltted  current  as  a 
function  of  the  magnetic  field  and  the  voltages  on  the  external  electrodes 
may  be  calculated.  Both  guns  are  convergent.  While  the  short  gun  is 
limited  by  geometrical  considerations  to  an  area  convergence  of  about  ten 
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to  one,  the  long  gun  is  in  principle  capable  of  amch  gregter  convergence, 
the  principal  llaltatlon  on  its  convergence  being  the  effect  of  themal 
velocltiea  at  the  cathode  and  Inetabllltlee  in  the  flow.  Moreover,  both 
of  these  guns.  Insofar  as  the  types  of  flow  on  which  they  are  based  are 
actually  established,  should  produce  besau  with  noncrosslng  and  nearly 
parallel  trajectories  at  the  exit  plane. 

In  the  present  chapter  we  begin  begin  by  reviewing  the  space- charge 
flow  solutions  on  which  these  guns  are  based,  followed  by  a  discussion 
of  the  aethod  for  obtaining  the  electrode  shapes.  Finally,  we  shall 
consider  the  approxlnatlons  and  the  assuaptlons  oade  in  the  design  of 
these  guns. 

B.  THE  SPACE-CHABaE  FLOW  S0I.UTIGR8  AED  THEIR  USE  AS  A  BASIS  FGR  CORVERSEHT 
CROSSED-FIELD  OUES 

Tbe  space-charge  flow  solution  which  we  consider  is  quite  siailar  to 
that  given  for  the  electron  notion  in  the  single  trajectory  bean  discussed 
in  Chapter  II.  Two' significant  differences  do  exist  however:  (l)  the 
solution  on  \dxich  the  gun  is  based  does  not  pemlt  double  streaalng,  and 
(2)  the  boundary  conditions  at  the  lower  edge  of  the  space-charge  sheath, 
which  in  the  case  of  the  gun  solution  is  at  the  cathode,  are  different 
in  the  two  cases.  Otherwise,  the  analyses  for  the  beea  and  gun  solutions 
are  cosqpletely  parallel.  We  now  consider  the  details. 

Consider  a  coordinate  systea  with  am  infinite  cathode  in  the  plane 
y  >  0  .  There  is  a  unlfons  nagnetlc  field  B^  in  the  negative  z-direction. 
We  shall  assuM  that  all  action  is  confined  to  planes  perpendicular  to 
the  z  axis;  hence,  we  shedl  treat  the  probloa  as  two-dlaenslonal.  The 
resulting  electron  flow  solution  is  then  obtained  for  E^  >  0  and  is 
characterized  by  having  all  trajectories  congruent.  Furthenore,  current 
density,  charge  density  and  velocity  at  any  point  in  the  flow  are  inde¬ 
pendent  of  the  X  coordinate. 

The  equations  of  isotlon  for  an  electron  in  this  systos  are 

X  =  (B^y  (**.la) 

y  =  ^Qy  -  V  •  (*^-1^) 
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Since  E 


0  ,  we  Bay  write 


<sy  6a 


(4.2) 


The  charge  and  current  densities  in  the  flow  are  related  by  the 
expression 

Jy  -  pQ^  »  (4.3) 

where  J  is  the  current  density  at  the  cathode.  We  note  that  since 

y 

the  present  analysis  is  assumed  to  be  single-streaming,  it  follows  that 
y  >  0  and  that  J  is  equivalent  to  J  ^  which  was  defined  earlier  in 
Chapter  II. 

By  ccoiblnlng  Eqs.  (4.2)  and  (4.3),  we  find  that 


dE-  J 

-a: .  -I  .  (I,.!,) 

at 


If  we  assume  that  at  t  ■>  0  an  electron  is  at  the  space-charge  limited 
cathode  where  E^  >  0  ,  we  may  Integrate  Eq.  (4. If)  to  obtain  the  field 
E^  as  a  function  of  the  transit  time  along  the  trajectory  of  such  an 
electron.  The  result  Is 

V  ‘  •  <'*=5) 

With  this  expression  for  the  transverse  field,  we  may  Integrate  Eqs. 

( Ikl)  subject  to  the  Initial  conditions  x«y*0,x«XQ  and  ^ 
at  t  >  0  .  The  resulting  parametric  trajectory  equations,  expressed 
In  terms  of  the  transit  time,  are  then 


y  =  ■«  (cB  t  -  slncB  t)  +  -*  slno)  t  , 

^  ^  °  0)  ° 


(4.6) 
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X  -  X-  +  —  ■«  — S -  -f  COSOJ  t 

®  3  «  ® 


yft 

1  +  —  (1  -  C08(0  t)  .  (*»>.7) 

CD  ® 

c 


We  may  also  coapute  the  potential  at  any  point  on  an  electron 
trajectory  as  a  function  of  the  transit  tlae  by  evaluating  the  Integral 


*  ■  -/v  ‘y  ■  -  /*<v 


y  at  , 


which  yields  the  result 


2  « 

««  “L. 
0  c 


1  -  COSO  t  4> 
c 


CD  t  slno  t 
c  c 


112  L 

—  h 


)  t  since  t  -f  COSO)  t 
c  c  c 


For  convenience,  ve  define  a  set  of  noraallzed  paraaeters  X  ,  Y  , 
u  ,  4  as  follows: 


X  -  - X  , 

0  c 


(l^.9a) 


{k.Sto) 


(O^t  »  u  , 


(*^.9c) 


.  -  V 

0  =  -^  •  • 


(4.9d) 


®0  “c 
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We  Bball  eonelder  the  pareaetplc  equatlonB  for  the  trajeetorlee  and 
potential  [Eqa.  (^>6),  (^*7))  for  tvo  different  valuea  of  : 

1.  Caae  1:  y^  ■  0 

In  thla  caae  the  paraaetrlc  equatlona  for  the  trajectorlea  nay  be 
written  In  the  noxmllted  fom  ae 

2 

X  «  Xq  +  “  +  COBU  -  1  ,  (*^.10) 

Y  ■>  u  -  Blnu  , 

while  the  expreaalon  for  the  i>otentlal  becooMB 

2 

t  -  U  Blnu  +  1  -  COBU  .  (^‘IS) 


The  noxmllzed  fora  for  the  electric  field  1b  then 


(*^.13) 


2*  Caee  2;  y^  « 

In  thla  caae,  the  aolutlona  becoBie  very  nuch  alnpllfled.  The  nor- 
■allzed  trajectory  equations  sure 


Y  *  u  , 


(*^.15) 


and  the  expression  for  the  potential  is 


« 


d4' 

■5y 


u  . 


(4.17) 


The  trajectories  are  thus  simple  parabolas  of  the  fora 


Ifo  ■hall  nov  consider  these  two  solutions  In  more  detail,  and  in 
particular  ve  shall  shov  that  solution  1  asy  be  used  as  the  basis  of 
a  space-charge  flov  short  gun,  while  solution  2  asy  be  used  in  the 
design  of  a  type  of  long  gun,  which  Is  capable  of  wery  great  convergence. 

First,  It  Is  useful  to  exaalne  the  conditions  under  which  each  of 
these  solutions  alght  be  applicable,  considering  the  effects  of  thensal 
velocities  at  the  cathode,  leglectlng  theiaal  transverse  velocities, 
solution  2  assuaea  that  electrons  leave  the  cathode  with  an  energy 
which  is  given  by 

nJ..*" 

(1^.19) 


^  * 

^0 


A  criterion  for  the  validity  of  solution  1  Is  then  that  the  theraal 

potential  at  the  cathode  (approxlaately  .1  volt  at  noxaal  operating 

tem>erature)  be  auch  less  than  ,  \^le  If  these  two  quantities  are 

approxlaately  equal,  we  would  expect  the  much  slnpler  solution  2  to  be 

applicable.  We  note  that  Is  detezalned  only  by  the  aagnetlc  field 

and  the  current  density  at  the  cathode.  In  practice,  the  conditions 

for  the  validity  of  both  solutions  are  easily  attainable.  For  exaaple, 

for  «  l^H)  gavuBS  and  «  ^0  aa/ca^  ,  Is  appraxiaately  7  volts; 

for  Bq  ■  800  gauss  and  J  -  200  aa/ca^  ,  ^  has  a  value  of  .1  volt, 

o  y  o 

In  Fig.  4.1,  the  noraallaed  trajectory  for  solution  1  frca  the 
point  Xq  ■  0  ,  *  0  Is  plotted.  All  other  trajectories  are  then 

given  by  a  dlsplaceaent  in  X  .  In  this  saae  figure,  the  variation  In 
potentlsd  along  this  trajectory  is  also  plotted.  We  note  that  joints 
on  the  trajectory  where  u  Is  an  even  Integral  aultlple  of  2x  are 
points  of  Inflection,  so  that  at  these  points  dY/dX  «  d^/dX^  «  0  . 

Thus,  at  certain  values  of  y  ,  virtual  cathodes  exist,  and  at  such 
planes  electrons  could  in  principle  undergo  a  reversal  in  sign  of  y 
and  hence  could  return  toward  the  cathode.  However,  this  fact  does  not 
pose  any  problem  since  only  a  small  portion  of  the  flov  Is  to  be  used  as 
the  basis  for  a  gun,  and  In  partlcvilar,  the  trajectories  In  the  gun  will 
have  a  total  transit  angle  u  of  approximately  2x  . 

The  general  method  by  which  these  solutions  may  be  used  to  produce 
finite,  convergent  beams,  suitable  for  electron  guns.  Is  shown  In  Fig.  k.2. 
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Anode 


1  Circuit 


Pocufllng  electrode* 

e.  Short  gun  geometry 


t.  Long  gun  geometry 


fig.  J^.2— Oecmetry  of  the  space-charge 


flow  crossed-field  guns. 


Figure  It-. 2a  llluatratea  a  poaalble  short  gun,  while  In  Fig.  4. 2b  the 
geoBMtry  for  the  long  gun  Is  shown.  In  either  case  the  trajectories 
froB  the  two  ends  of  the  cathode  and  are  seen  to  converge 
toward  each  other.  The  convergence,  defined  as  the  length  of  the  cathode 
Cg  divided  by  the  thickness  of  the  been  at  the  exit  plane.  In  the 
ease  of  the  long  gun.  Increases  monotonically  with  the  distance  b  of 
the  exit  plane  fraa  the  cathode.  Hie  convergence  of  the  short  gun  behaves 
similarly,  as  long  as  the  exit  plane  does  not  lie  much  beyond  the  point 
u  -  2)t  on  the  trajectory  from  .  Beyond  this  point  the  edge  tra¬ 
jectories  diverge,  and  converge  again  at  the  next  Inflection  point  vl  •  hx 
this  process  continuing  at  each  subsequent  inflection  point.  We  shall 
discuss  later  the  possibility  of  extending  the  gun  trajectories  beyond 
the  first  point  of  inflection. 

As  shown  In  Fig.  k.2,  the  guns  are  abruptly  terminated  at  the  exit 
plane.  In  each  type  of  gun  the  edge  trajectories  are  not  exactly  peurallel 
at  the  exit  i>lane;  hence,  we  would  not  expect  a  perfectly  lasilnar  beam 
In  the  Interaction  region.  We  shall  return  to  this  q^estlon  in  more 
detail  later,  but  we  may  note  here  that  we  would  expect  that  any  non- 
lamlnarltles  resulting  from  stich  abrupt  termination  should  be  of  small 
magnitude,  particularly  In  the  case  of  the  long  gun  where  the  beam  at 
the  exit  plane  almost  satisfies  the  conditions  for  Brlllouln  flow. 

In  order  to  achieve  the  finite  flow  necessary  for  these  guns,  an 
electrode  system  Is  necessary  to  supply  the  proper  values  of  electric 
field  and  potential  edong  the  bounding  trajectories.  Thus,  in  reference 
to  Fig.  4.2,  the  anode  and  focusing  electrode  from  the  rear  of  the  cathode 
at  must  supply  a  potential  which  satisfies  Laplace's  equation  In 
region  I,  and  which,  to  a  good  approximation,  provides  the  specified 
variation  of  potential  and  field  along  the  trajectory  from  .  Slmi larly 
the  focusing  electrode  originating  at  the  front  of  the  cathode  must  provide 
the  same  variation  in  field  and  potential  (as  a  function  of  path  length 
from  the  cathode)  for  the  trajectory  from  .  We  shall  now  show  how 
the  shape  of  these  electrodes  siay  be  obtained  analytically. 

C.  THE  METHOD  F(»  OBTAINING  THE  ELECTRODES  NECESSARY  TO  PRODUCE  A  FINITE 
BEAM 

The  electrode  systems  for  both  the  short  and  long  guns  have  been 


3 

obtained  by  a  aetbod  of  eoaq^lex  variables  due  to  Klrsteln,  and  derived 

k 

Independently  by  Losmx.  We  shall  stmarlze  the  method  and  the  results 
of  these  oaleulatlons  In  the  following  section. 

1.  The  neetrode  System  for  the  Short  Qun 

Following  Klrsteln,  we  write  the  normalized  trajectory  equations 
for  the  short  gun  In  complex  form: 

2 

Z-X-Xq  +  JY-Jj  +  e"^’^  +  Ju  -  1  .  (4.20) 

We  next  generalize  the  parameter  u  by  substituting  tor  it  the  cosqplex 
parameter  w  *  u  Jv  .  Equation  (4.20)  then  becosMs 

2 

Z  -  ~  +  e"^''  +  Jw  -  1  .  (4.21) 

This  expression  provides  a  confcnrmal  transformation  between  the  w  plane 
and  the  Z  plane,  and  we  note  that  the  real  axis  v  -  0  of  the  w 
plane  corresponds  to  the  beam  trajectory  in  the  Z  plane.  From  the 
known  potential  along  the  u  axis  of  the  w  plane,  Kirsteln  finds,  by 
means  of  analytic  continuation,  the  potential  at  any  other  point  In  the 
w  plane  (excluding  regions  of  singularity).  He  then  determines  the  potential 
at  any'phlnt  in  the  z  plane  by  means  of  the  transformation  of  Eq.  (4.21). 
Following  Kirsteln,  we  define  two  functions  on  the  trajectory: 

5u  (4.22) 

♦^(u)  -  |V*|  Bine  ^  ,  (4.23) 

where  ds  is  the  IncremmiteJ.  distance  moved  along  the  trajectory  when 
u  changes  to  u  ■»’  du  and  9  is  the  emgle  between  and  ds  . 

How  If  dY/dX  >  tant  so  that  sint  -  dY/ds  and  cost  ■  dx/ds  ,  we  see 
that  since  yt  has  only  a  Y  component,  that  9  *  nl2  -  t  •  Using  the 
normalized  form  of  the  trajectory  and  potential  Eqs.  (4.10),  (4.11)  and 
(4-.  12)  ,  we  find  that 

*^(u)  =  u(l  -  cosu)  (4.24) 

♦^(u)  »  u(u  -  sinu)  .  (4.25) 
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Klrsteln  shows  that  along  tha  trajectory  4  Is  given  by  the  real  part 
of  the  function  W(u,  O)  where 

u 

W(u,  0)  •J ♦^(u')  -  J0y(u')du'  ,  (1^.26) 

0 


and  that  4>  is  given  elsewhere  in  the  w  plane  by  the  real  part  of 
W(u,v)  where  ^ 

W(u,  v)  -  J^5^(w')dw'  ;  (>^.27) 

0 


hence. 


U 


+  1  . 


(1^.28) 


Finally  it  can  be  shown  that  for  an  equlpotential,  4  «  constant  in  the 
w  plane,  which  nay  be  written  as 

V  =  V(u)  ,  (*^.29) 


that  the  differential  equation 


dV 

du 


(^^.30) 


nust  hold.  The  equlpotentials  in  the  w  plane  and  hence  in  the  z 
plane  are  then  obtained  by  evaluating  the  bransfoivation  given  by  Eq. 

(4'. 21)  along  the  contour  in  the  w  plane  defined  by  Eq.  (4.30)  which 
contains  W  as  given  by  Eq.  (4.28). 

(9) 

Klrsteln  has  performed  these  calculations  nuawrically  on  a  computer. 

The  results  are  shown  graphically  in  Fig.  4.3.  These  curves  show  contours 
of  the  electrodes  which,  if  raised  to  the  Indicated  value  of  normalized 
potential,  will  Insure  the  proper  variation  of  potential  and  field  along 
the  edge  trajectory  of  the  beam.  In  practice,  the  beam  is  defined  by 
two  such  trajectories  displaced  by  a  distance  equal  to  the  nozmallzed 
cathode length  L  ,  so  that  in  Region  I  (see  Fig.  4.2)  above  the  beam 

curves  given  in  Klrsteln 's  paper  are  Incorrect,  due  to  a 
numerical  computation  error. 


-  51  - 


-  52  - 


FIG.  ^.3 — Family  of  equipoteatials  for  the  short  gun. 


those  solutions  eorrespo..^1.ng  to  v  >  0  are  valid;  vhlle  In  Region  II 
beneath  the  besa,  the  solutions  with  v  <  0  are  valid. 

As  a  resvilt  of  the  multivalued  nature  of  the  transformation  between 
the  w  plane  and  the  z  plane.  It  can  be  shown  that  additional  elec¬ 
trodes  at  other  potentials  will  be  necessary  If  the  beam  trajectories 
are  to  be  carried  much  beyond  the  point  u  «  2)t  .  In  general,  for  ea(*h 
point  of  Inflection  on  the  gun  trajectory,  an  additional  electrode  must 
be  added.  An  additional  restriction  on  the  choice  of  electrodes  which 
may  be  used  with  this  gun  should  be  mentioned.  If  the  method  ox  analytic 
continuation  Is  carried  to  a  region  where  the  potential  is  too  high,  two 
electrodes  of  different  potential,  may  appear  to  cross  each  other,  nils 
phenoBMnon  also  results  from  the  multlvadued  nature  of  Eq.  (4>.2l). 
Physically  It  Is  then  necessary  to  use  electrodes  which  are  sufficiently 
close  to  the  beam  to  achieve  the  pretcrlbed  potential  variation  along 
the  beam  and  electrodes  which  are  too  far  reau>ved  cam  not  give  this 
variation.  In  the  range  of  nozmalized  potentials  shown  In  Tig.  4.3,  this 
effect  does  not  occur,  and  In  general  It  does  not  provide  a  serlo\is 
difficulty  In  short  gun  designs. 

2.  The  Electrode  Slystem  for  the  Long  Qun 

We  proceed  exactly  as  In  the  case  of  the  short  gun.  Mrlting  the 
nozmalized  trajectory  equations  in  cosiplex  form  as 

2 

Z  »  (X  -  Xq)  +  JY  -  +  ju  ,  (4.31) 


which  becomes 


(1^.32) 


In  terms  of  the  complex  parameter  w  =  u  Jv 


u 


^-*0*2 


Furthermore  we  find  that 

(4.33) 


and 


y  =  u(l  +  v)  . 


(4.34) 


The  expressions  for  ^^(u)  and  ^^(u)  are  slnply 


*y(u)  -  u  , 


(^».35) 

(1^.36) 


and  ve  obtain 


(^^.37) 


Xov  since  at  any  point  on  the  noraallzed  equlpotentlal  4  ve  have 
4  *  Re  W  ,  ve  aay  vrlte 


u 


2  24  ♦  v^(l  »  |y) 

1  +  2v 


ih.dQ) 


Jrcm  Eqs.  (^.33)^  (^•34)«  and  (4.38),  the  electrode  shape  corres¬ 
ponding  to  a  given  value  of  4  aay  be  obtained  by  a  slaple  ccsiputatlon. 
Figure  4.4  shows  a  fSolly  of  such  curves.  We  note  that  since  the  trans- 
foraatlon  given  by  Eq.  (4.31)  Involves  no  amltivalued  functions,  no 
restrictions  are  placed  either  on  the  choice  of  electrode  potentials,  or 
on  the  length  of  the  gun  trajectory.  Thus,  guns  of  this  type  say  have 
u  »  1  at  the  exit  and  hence  should  be  capable  of  very  large  convergences. 

D.  ASSUMPTICnS  ADD  AFPRQXIMATIGRS  IRHEREirr  IN  THE  OUR  SESION  METHOD 

In  concluding  this  chapter.  It  Is  pertinent  to  revlev  the  asBusptions 
and  approxiaations  vhich  are  Implied  and  the  effects  vhlch  have  not  been 
considered  In  the  methods  of  crossed-fleld  gun  design  described  In  this 
chapter.  We  list  these  as  follovs. 

1.  Possible  lens  effects  at  the  exit  plsuie  have  not  been  considered. 
It  should,  hovever,  be  possible  to  minimize  such  effects  by  the  proper 
choice  of  sole  and  circuit  voltage. 

2.  The  analysis  has  been  entirely  in  texms  of  a  tvo-dlmenslonal 
model.  Effects  such  as  space-charge  spreading  In  the  z-direction 
parallel  to  the  magnetic  field  have  been  Ignored.  This  problem  will  be 
considered  again  In  Chapter  V  in  conjunction  with  the  experiments. 
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3.  Sane  of  the  effeeta  of  thexml  veloeltlea  at  the  cathode  have 
been  ignored.  In  the  caae  of  the  abort  gun,  all  aueh  effeeta  are  probably 
negligible.  Fbr  the  long  gun,  however,  aa  a  reault  at  both  the  Maxwellian 
dlatributlon  in  ,  which  m  have  aaawed  to  be  a  eonatant  for  all 
eleetrona,  aa  veil  aa  tbezval  tranaverae  veloeltlea  ,  tdileh  we  have 
Ignored  entirely,  we  would  expect  an  actual  beam  to  be  acBeyhat  sore 
cocplex  than  the  alaple  analytical  nodel.  In  particular,  we  ahould  expect 
that  the  parabolic  trajeetorlea  obtained  In  the  analyala  would  actually 
eonalat  of  anall  aaplltude  cyclotron  undulatlona  about  the  parabolic 
patha.  Aa  a  reault,  the  convergence  of  aueh  a  gun  would  be  leaa  than 
calculated  on  the  baala  of  the  alaqple  flow  aodel. 

4.  All  rf  Inatabilltlea,  and  In  particular,  rf  growth  of  thexml 
fluetuatlona  at  the  cathode,  have  not  been  eonaldered. 

He  ebnalder  acuM  of  theae  polnta  again  In  Chapter  VI.  He  adopted 
the  point  of  view  that  only  through  a  aeriea  of  ecaprehenaive  experlaenta 
with  both  typea  of  guna  can  the  validity  of  theae  approxlaatlona  and  the 
algnlfleanee  of  thoae  effeeta  not  eonaldered  be  detemlned.  Theae 
experlaanta  eoqirlae  the  principal  aubjeet  of  the  preaent  work. 
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V.  SXFERIMimL  STUDIES  OT  THE  SHORT  AED  LONG  OURS 

A.  niTRODUCTIGN 

Having  revleved  the  space-charge  flow  solutions  and  shown  how  suit¬ 
able  electrode  configurations  nay  be  obtained,  suhdect  to  certain  restric¬ 
tions  and  approxlnatlons,  we  next  describe  the  experimental  studies  which 
have  been  made  of  examples  of  each  of  the  two  types  of  guns. 

The  basic  experimental  approach  which  we  have  adopted  Is  to  slmxilate 
the  dc  environment  of  a  typlcsil  M-type  device.  Thus  the  beam  which  Is 
produced  by  the  gun  vinder  Investigation  Is  Injected  Into  a  drift  region 
of  uniform  dc  crossed  fields.  The  behavior  of  the  beam  In  this  region 
Is  then  a  good  Indication  of  the  qusillty  of  the  gun  and  exit  plane  optics. 
In  addition.  If  the  parameters  of  the  gun  system  are  held  fixed  or  are 
scaled.  It  Is  possible,  by  varying  the  conditions  In  the  drift  region, 
to  study  the  characteristics  of  the  uniform  flow.  The  experiments  per¬ 
formed  with  both  guns  are  then  of  two  general  types:  (l)  experiments 
dealing  with  the  Intrinsic  nature  of  the  gun,  such  as  measurement  of 
cathode  current  as  a  function  of  the  other  g\m  parameters  and  (2)  experi¬ 
ments  dealing  with  the  nature  of  the  beam  after  leaving  the  gun,  for 
example,  the  measxirement  of  the  fraction  of  the  total  beam  current 
collected  by  the  drift  region  electrodes  as  a  function  of  conditions 
both  In  the  drift  region  and  In  the  gun. 

We  shall  begin  this  chapter  by  describing  the  optics  and  the  general 
details  of  the  experimental  beam  tester.  The  remaining  portions  of  the 
chapter  desil  with  a  description  of  the  experlmentSLl  guns  and  a  discussion 
of  the  experiments  and  results  for  each  gun. 

B.  THE  BEAM  TESTER 

The  electrode  configuration  of  the  beam  tester  Is  shown  In  Fig.  ^.1. 
With  the  exception  of  certain  changes  In  electrode  spacer:^,  this  same 
experimental  arrangement  was  used  In  testing  both  the  long  and  short  guns. 
The  gun  Illustrated  In  Fig.  ^.1  Is  the  short  gun. 

The  beam  tester  was  designed  so  as  to  be  as  flexible  as  possible  and 
BO  as  to  facilitate  adjustments  In  the  optics  as  easily  as  possible.  Thus 
the  experiments  were  performed  In  a  continuously  pumped  demovintable 
vacuum  system,  eliminating  the  need  for  conventional  processing,  while 
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at  the  same  time  providing  maximum  accessibility  to  the  focvislng  struc¬ 
tures.  The  lifetime  of  the  oxide  cathodes  which  were  used  proved  to  be 
somewhat  limited  \inder  these  experimental  conditions,  but  through  the  use 
of  extended  Interface  cathodes  and  by  designing  the  gun  structure  to 
permit  the  changing  of  cathodes  with  a  minimum  of  effort,  this  problem 
did  not  seriously  hinder  the  experiments.  To  effect  minor  geometry 

changes  or  to  make  simple  repairs  we  used,  with  good  success,  a  technique 

28 

described  by  Haas  and  Jensen  for  keeping  the  cathode  warm  during  the 
"let  down"  period. 

Since  the  short  and  long  gun  structures  are  slightly  different  in 
detail,  we  shall  discuss  each  of  them  separately  later  in  this  chapter. 

A  few  renmrks  regarding  the  remainder  of  the  beam  tester  structure  will 
be  made  here. 

The  length  of  the  uniform  drift  region  bovtnded  by  the  sole  and 
circuit  electrodes  is  about  ^-l/2  in.,  a  distance  equal  to  a  minimum  of 
about  4,  and  as  many  as  ^0  cyclotron  wavelengths  of  the  beam.  These 
electrodes,  made  of  I/8  in.  stainless  steel  plate,  are  mechanically 
sui>ported  and  Insulated  by  means  of  commercial  vacuum  feed-through  seals 
in  such  a  mauiner  that  the  sole-circuit  spacing  d  may  be  easily  adjusted, 
(see  detail  A.,  Fig.  ^.3).  The  surfaces  of  the  sole  and  clrcviit  facing 
the  beam  are  roughened  by  means  of  chemical  etching  in  order  to  reduce 
the  secondary  emission. 

The  beam  tester,  as  originally  conceived,  was  designed  with  provisions 
for  measuring  the  sole  current  distribution  as  a  function  of  the  distance 
along  the  drift  region.  Thus,  in  addition  to  a  continuous  sole  plate, 
an  Interchangeable  segmented  structure  was  also  constructed.  This 
assembly,  shown  slightly  modified  in  Fig.  ^.2,  consists  of  20  copper 
segments  l/4  in.  in  length  mounted  on  two  sapphire  rods  and  separated 
by  mica  spacers.  As  shown  in  the  photograph,  some  of  the  space  have 
been  removed  so  that  only  7  rather  than  20  Insulated  segments  result. 

The  entire  structure  is  supported  from  below  by  a  series  of  Insulated 
pins  which  protrude  into  the  \uiderslde  of  every  fourth  segment.  In  order 
to  achieve  an  adequate  degree  of  surface  flatness,  the  structure  was 
first  assembled  without  spacers  oitungsten  rods  of  the  same  diameter  as 
the  sapphire  rods,  and  the  entire  surface  milled  flat.  Using  this 
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technique,  the  variation  in  height  along  the  sole  is  only  about  .002  in. 

As  shown  in  Fig.  the  sole  and  circuit  electrodes  are  not  of  the 
ssM  width, the  sole  being  some  30  per  cent  wider  than  the  positive 
circuit.  The  net  result  of  this  configuration  is  to  provide  fringing 
fields  near  the  edges  of  the  beam  which  tend  to  prevent  lateral  beam 
spreading  in  the  direction  of  the  magnetic  field  .  Throughout  the 
course  of  the  experiments,  during  which  d  was  varied  from  .090  in.  to 
.219  in.,  under  siost  conditions  no  significant  beam  spreading  was  evidenced. 
Indeed,  burn  outlines  on  the  collector  Indicated  a  beam  width  in  this  area 
only  about  10  per  cent  greater  than  the  width  of  the  cathode.  Previous 
workers  have  found  it  necessary  to  place  confining  negative  electrodes 
along  the  edges  of  the  beam,  or  to  distort  the  dc  magnetic  field,  in  order 
to  provide  lateral  conflneswnt.  During  the  course  of  our  experlswnts  it 
was  noted  that  the  severest  lat  .  '*1  spreading  seesMd  to  occur  when  the 
beam  was  defocused  and  badly  scalloped,  while  in  the  case  of  a  rectlllnean: 
beam,  lateral  confinement,  probably  resulting  from  the  electrode  con- 
figuration  mentioned  above,  appeared  to  be  quite  adequate. 

The  water  cooled  copper  collector  shown  in  Fig.  9>3  Is  of  e  type 
cosannly  \uied  in  crossed-field  devices.  In  the  tapered  region  the  beam 
is  accelerated,  as  a  result  of  the  Increased  transverse  electric  field, 
to  a  potential  equal  to  that  of  the  collector.  The  collector  was  designed 
as  shown  with  a  nontapered  region  directly  adjacent  to  the  ciroilt  elec¬ 
trode  so  as  to  better  Isolate  the  sole-circuit  space  from  undesirable 
effects  of  the  collector,  such  as  fringing  fields  and  secondary  electrons. 
The  portion  of  the  sole  extending  beneath  the  collector,  while  electrically 
Isolated  from  the  remsilnder  of  the  sole,  was  usually  maintained  at  sole 
potential.  The  narrow  slot  between  the  collector  and  the  circuit  provides 
a  convenient  meeuis  of  estimating  the  width  of  the  beam  at  pressures 
(>  9  X  10~^  torr)  where  the  beam  is  visible  as  a  result  of  radiation 
from  collision-excited  gas  molecules. 

The  entire  electron  optical  system,  with  supporting  members,  and 
electrical  and  water  connections.  Is  mounted  on  a  circular  flange  as 
shown  In  Figs.  9*3  end  This  flange  Is  attached  by  meems  of  an  0 

^^^^In  all  cases  ’’width"  shall  refer  to  a  dimension  parallel  to  the 
z  axis  and  the  magnetic  field. 
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Insulated  water  line 


ring  seal  to  the  open  end  of  a  length  of  3-inch  Pyrex  glass  pipe  which 
provides  the  vacuum  envelope  and  visual  access  to  the  beam.  The  system 
is  pumped  with  a  conventional  oil  diffusion  pxanp  with  a  liquid  nitrogen 
trap.  A  valve  between  the  pump  and  the  experimental  area  of  the  system 
enables  the  pumping  speed  and  hence  the  pressure  in  the  working  area  to 
be  accurately  controlled.  With  the  exception  of  the  visual  and  photo¬ 
graphic  data  which  were  taken  at  somewhat  higher  pressures, the  experiments 

_7 

were  all  performed  at  pressxires  of  5  x  10  torr  or  lower. 

The  dc  magnetic  field  was  supplied  by  an  external  electromagnet 
with  rectangular  pole  pieces  measuring  4  in.  x  l4  in.  The  magnet  pro¬ 
duced  a  maximum  field  of  about  1300  gauss  across  a  gap  of  4.0  in.  The 
homogeneity  of  the  field  in  the  gap  was  Improved  oy  a  simple  method 
of  shimming  described  in  Appendix  C.  This  technique  yielded  a  field 
homogenecus  to  1  per  cent  over  the  region  occupied  by  the  beam  in  the 
gun  and  drift  space.  Measurements  of  magnetic  field  strength  were  made 
using  a  rotating-coil  gaussmeter.  By  means  of  the  tube  shown  in  Fig. 

5.3,  it  wns  possible  to  insert  the  probe  of  the  gaussmeter  into  the 
magnet  gap  with  the  entire  structure  in  position  and  thus  to  measure 
the  magnetic  field  with  the  beam  tester  in  operation.  This  arrangement 
was  found  to  be  particularly  useful  at  low  values  of  (<  200  gauss) 
where  hysteresis  effects  could  result  in  errors  of  5-10  per  cent  in  field 
measurements  based  on  precalib^-ation  of  as  a  function  of  magnet 

current.  Since  the  probe  is  act’ially  about  I-I/2  in.  below  the  position 
of  the  beam,  as  a  result  of  fringing  effect-  it  -•  necessary  to  calibrate 
in  advance  the  relationship  between  the  transverse  magntMc  fields  at  the 
two  locations.  By  means  of  this  technique,  measurements  oi  magnetic  field 
in  the  region  occupied  by  the  beam  were  accurate  to  within  about  3  per  cent. 

Figure  5*5  shows  a  pho..ograph  of  the  magnet  and  the  vacuum  envelope 
of  the  beam  tester.  Since  the  area  occupied  by  the  beam  is  not  visible 
when  the  magnet  pole  pieces  are  in  position,  a  long  strip  mirror  extending 
from  the  gun  to  the  end  of  the  collector  is  placed  at  a  45°  angle  to  the 
sole,  as  shown  in  Fig.  5-6.  With  this  arrangement  an  edge  view  of  the 
beam  could  be  seen  and  easily  photographed  from  the  top  of  the  apparatus. 
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FIG.  5. 5- -Photograph  of  the  magnet  and  vacuum  envelope. 


FIG.  ^.6- -Arrangement  for  viewing  the  beam. 
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C.  THE  EXPERIMENTAL  SHORT  OUN 


1.  Design  Considerations 

The  electrode  configuration  for  the  short  gun,  Is  shown  In 
Fig.  ^.7*  The  focusing  electrodes  correspond  to  the  normalized  equl> 
potential  4>  «  0  while  the  anode  Is  a  portion  of  the  normalized  equl- 
potential  <  37.^.  ibe  normalized  cathode  length  ,  L  ,  Is  12  and  the 
exit  or  "cutoff  plane  Is  at  a  normalized  distance  X  =  24  on  the  trajectory 
from  the  rear  of  the  cathode.  The  values  of  u  at  the  exit  plane  on  the 
upper  and  lower  edge  trajectories  are  then  6.96  and  ^.03, respectively. 

At  the  exit  plane  we  see  that  the  normalized  beam  thickness  Is  about  .4 
and  thus  the  gun  should  have  an  area  convergence  of  approximately  30, 
although  for  reasons  discussed  below  we  would  not  expect  such  a  high 
convergence  to  be  attained  In  practice. 

It  should  be  noted  that  the  nature  of  the  trajectories  places  an 
upper  limit  on  the  value  of  L  which  may  be  used.  This  follows  from  the 
requirement  that  the  trajectories  be  approximately  parallel  at  the  exit 
plane.  In  order  to  compare  the  performance  of  this  gun  with  that  of  the 
conventional  French  short  gun,  which  has  a  very  limited  convergence, 
we  have  purposely  chosen  a  fairly  long  cathode,  although  the  exit  angles 
are  not  excessively  large.  From  the  normalized  trajectory  equations  we 
may  easily  show  that  the  slope  dY/dX  =  tamjr  at  any  point  on  the 
trajectory  is  given  in  terms  of  u  by 

1  -  cosu 


tant  = 


u  •  slnu 


(5.1) 


At  the  position  of  the  exit  plane  shown  In  Fig.  ^.7  the  values  of  \|r  for 
the  upper  and  lower  trajectories  are  found  to  be  2.08  degrees  and  6.57 
degrees,  respectively.  Thus  to  optimize  the  injection  conditions  for 
the  beam  as  a  whole.  It  would  seem  reasonable  to  tilt  the  entire  gun 
structure  through  an  angle  of  about  4  degrees  (see  Fig.  5*3).  This  was 
done  during  the  course  of  the  experiments.  As  a  result.  Improvement 
In  transmission  was  noted  vinder  certain  conditions;  however.  It  can  not 
be  stated  conclusively  that  the  optics  were  substantially  improved  as  a 
result  of  this  change. 

The  remainder  of  the  design  procedure  consisted  in  evaluating  the 
normalization  parameters  appearing  in  Eq.  (4.9).  Thus  if  we  specify  the 
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FIG.  5.7 — Electrode  configuration  for  the  eagperlmenteLL  short  gun, 
Ordinate  and  abscissa  scaled  in  normalized  units. 


Sole  plane 


FIG.  ^.8 — Effect  of  tilting  the  gvm  on  the  exit  angles. 


total  beam  current  per  unit  width,  which  is  equal  to  J  -t  ,  and  since  we 

have  fixed  L  ,  J  is  also  determined  for  a  given  value  of  magnetic 

(ll)  ^ 

field .  ’  The  actual  dimensions  and  potentials  corresponding  to  the 

normalized  values  are  then  computed.  We  summarize  the  results  of  these 
calculations  in  terms  of  the  design  parameters  given  in  Table  I.  We  note 
that  under  these  conditions,  the  initial  potential  0^  =  TiJy^/2€Q 
has  a  magnitude  of  7*2  volts,  a  quantity  much  larger  than  the  potential 
of  the  thermal  electrons  at  the  cathode. 

The  exit  conditions  require  further  comment.  For  Brlllouin  flow  it 
is  required  that  both  the  plasma  frequency  and  velocity  gradient  across 
the  beam  should  be  equal  to  .  We  see  from  Table  I  that  neither  of 
these  conditions  is  satisfied,  although  the  most  serious  error  is  the 
high  value  of  01^  at  the  exit.  If  the  exit  plane  were  to  be  moved 
closer  to  the  cathode,  the  beam  plasma  frequency  at  the  exit  plane  would 
be  decreased,  but  simultaneously  the  exit  angle  of  the  lower  edge  tra¬ 
jectory  would  be  increased  radically.  Thus  if  the  cutoff  plane  is  at 
the  point  u  =  2rt  on  the  top  trajectory,  with  all  other  conditions  as 
given  in  Table  I,  we  find  that  while  the  upper  edge  trajectory  leaves 

the  gun  parallel  to  the  cathode,  and  m  at  the  exit  plane  is  reduced 
9-1  ^ 

to  3*53  X  10^  sec  ,  the  exit  angle  for  the  lower  edge  trajectory  is 
almost  15  degrees.  In  the  early  course  of  these  experiments,  a  gun 
with  this  geometry  was  constructed  and  tested  and  was  found  to  give 
inferior  results  in  terms  of  transmission  and  visual  appearance  of  the 
beam,  in  comparison  to  the  gun  with  the  extended  cutoff  plane.  We  shall 
consider  the  exit  plane  conditions  later  in  discussing  photographs  of  the 
beam;  suffice  it  to  say  here  that  in  practice  it  appears  that  the  beam  is 
somewhat  thicker  near  the  exit  plane  than  predicted  by  the  theory;  hence 
u)p  is  not  as  large  as  the  value  given  in  Table  I.  The  best  results  are 
obtained  then  with  optics  v;here  the  edge  trajectory  exit  angles  are  small 
and  approximately  equal. 

Unless  otherwise  noted,  all  of  the  data  which  we  present  were  obtained 
with  the  gun  \/hose  design  is  based  upon  the  geometry  of  Fig.  5-7  and 
the  parameters  given  in  Table  I. 

^^^We  may  note  that  Jy  and  Bq  are  not  independent,  and  in  fact 
the  choice  of  one  of  these  quantities  immediately  determines  the  other, 
a  condition  we  should  expect  for  "nonchaotic"  space-charge  flow  in  a 
magnetic  field. 
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TABLE  I 


A.  DESIGN  PARAMETERS  FOR  THE  EXPERIMENTAL  SHORT  GUN 


total  beam  current  I 

c 

beam  width 

current  density  at  the  cathode  J 


dc  magnetic  field  B. 


linear  normalization  factor 


€-05  ' 
0  C 


2  /  2  ^ 

potential  normalization  factor  t)J  /e  co 

y  o  c 

anode  potential  0. 


perveance 

beam  thickness  5  at  the  exit  plane 


10^  ma 
1.1  In. 

48.8  ma/cm^ 
l4o  gauss 

.0254  in»/'^ornalized  unit 

l4.4  volts/unit  of 
normalized  potential 
54o  volts 

7.98  X  10“^ 

.010  in. 


B.  EXIT  CONDITIONS 


upper  edge  trajectory  at  the  exit  plane 

lower  edge  trajectory  at  the  exit  plane 

average  velocity  at  exit 
velocity  gradient  across  the  beam  at  exit 
plasma  frequency  of  the  beam  at  exit 
cyclotron  frequency  o) 


potential 
exit  angle 

potential 
exit  angle 


274  volts 
6.57  degrees 

249  volts 
2.08  degrees 


9.61  X  10  m/sec 
1.85  X  10^  sec"^ 
5.4i  X  10^  sec"^ 
2.46  X  10^  sec  ^ 
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2.  Mechanical  Design  of  the  Short  Gvin 


Since  one  of  the  principal  purposes  of  the  experiments  v/as  to  verify 
the  theoretical  design  of  these  guns,  certain  requirements  were  placed  on 
a  suitable  experimental  gun  which  might  not  otherwise  be  necessary  for  a 
gun  whose  sole  pvirpose  is  to  "produce  a  beam. "  One  such  requirement 
which  Influenced  the  design  of  the  experimental  guns  is  the  need  for  a 
uniform  temperature  over  the  cathode  emitting  surface,  to  Insure  that 
the  entire  cathode  Is  actually  space- charge-limited.  In  addition.  It  Is 
necessary  that  the  emitting  surface  be  accurately  aligned  with  respect 
to  the  other  focusing  elements  at  operating  temperature.  Finally, 
since  the  experiments  were  performed  under  less  than  ideal  vacuum  con¬ 
ditions,  It  Is  necessary  that  the  cathode  be  rugged  and  not  easily  sus- 
ceptable  to  poisoning  or, alternatively,  be  easily  replaceable. 

The  important  mechanical  details  of  the  gun  structure  are  shown  In 
Fig.  ^.9>  Photographs  of  the  assemblies  and  some  of  the  parts  are  Illus¬ 
trated  in  Fig.  5.10. 

The  rectangular  cathode  button,  which  is  in  the  form  of  a  shallow 
box,  is  electroformed  from  nickel.  The  double  bifilar  heater  is  of 
tungsten  wire  and  Is  sprayed  with  an  Insulating  coating  of  alumina.  The 
cathode  surface  is  of  the  extended  interface  type,  formed  by  sintering 
nickel  powder  to  the  base  metal  of  the  cathode.  This  procedure  results 
in  an  Improved  bond  between  the  oxide  coating  material  and  the  nickel 
substrate  and  In  general  a  more  rugged  cathode  than  if  the  coating  is 
applied  directly  to  the  smooth  base  metal. 

The  entire  cathode  assembly,  consisting  of  the  cathode  button,  heater 
and  heat  shields,  is  keyed  Into  position  In  the  channeled  cathode  block 
by  ten  sapphire  rods.  These  rods  provide  insulation  as  well  as  mechanical 
alignment,  and  since  the  cathode  button  only  touches  them  at  one  short  line 
of  tangency,  heat  losses  are  quite  small.  The  rods  are  positioned  so  that 
they  are  all  in  contact  with  the  cathode  button  at  operating  temperature, 
thus  insuring  accurate  alignment  of  the  button.  The  single  constraint 
not  supplied  by  the  system  of  rods  is  provided  by  a  spring  loaded  screw, 
which  passes  through  an  insulated  sleeve  in  the  bottom  of  the  cathode 
block,  and  which  attaches  to  a  nut  welded  to  the  underside  of  the  cathode. 
This  screw  also  provides  a  convenient  electrical  connection  to  the  cathode. 


Anode  block 
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FIG.  5. 9--Mech€mical  details  of  the  short  gun. 


a.  Short  gun  cathode  and  heater. 


b.  Short  gun  cathode  and  anode  ar./emblic'.. 


FIG.  10--Photograph;-.  oT  the  ;;hort  gun. 


The  cathode  block  v/as  clamped  into  a  mounting  flxt\ire  (not  shown  in  Fig. 

5.9)  which  in  turn  supports  the  focusing  electrodes.  These  were  formed 
from  a  single  piece  of  sheet  metal  as  is  the  anode.  The  shaping  and 
alignment  of  these  electrodes  is  accomplished  by  means  of  a  Jig  and  as 
they  are  thermally  Isolated  fr^  the  hot  cathode,  the  amount  of  thermal 
misalignment  is  kept  at  a  minimum. 

This  type  of  cathode  assembly  is  found  to  have  a  very  uniform  tan- 
perature  over  the  emitting  surface.  Thus  at  850°C  the  temperature 
variation  over  the  uncoated  cathode  surface  is  only  about  10°C,  as 
measvired  by  an  optical  pyrometer. 

Originally,  confining  electrodes  were  placed  at  the  sides  of  the 
cathode  to  prevent  lateral  spreading  of  the  beam.  These  electrodes 
consisted  of  "Pierce  electrodes"  inclined  at  U5  degrees,  with  respect 
to  the  cathode.  During  the  early  course  of  the  experiments  these  elec¬ 
trodes  were  removed,  with  little  or  no  apparent  effect  on  the  beam  optics, 
in  order  to  be  better  able  to  view  the  profile  of  the  convergent  beam  in 
the  gun. 

It  should  be  noted  that  the  mechanical  design  of  the  short  gun  as 
we  have  described  it  is  the  result  of  a  certain  amount  of  trial  and  error 
which  was  necessary  to  achieve  the  desired  results.  Most  of  the  experience 
acquired  during  this  process  was  put  to  very  good  use  in  the  subsequent 
design  of  the  long  gun,  and  as  a  result  few  mechanical  and  structural 
difficxilties  were  encountered  during  this  latter  steige  of  the  work. 

(12) 

3.  Experiments  with  the  Short  Gun^  ' 

a.  Measurement  of  Cathode  Current  as  a  Function  of  the  Gun  Parameters. 

In  Appendix  B  approximate  expressions  relating  the  total  gxin  current, 
I^  ,  voltage  applied  to  the  anode,  ,  and  the  magnetic  field,  , 
are  der.’ved  for  both  guns.  For  the  short  gun,  the  expression  is  of  the 
form 

lo  ■  -  0  Bo^  t  H  ,  (5.2) 


(12) 

'All  of  the  short  gun  measurements  were  made  under  space-charge 
limited  conditions  at  the  cathode. 


where  G  and  H  are  geometrical  constants.  Since  the  derivation  of  this 
expression  is  based  on  a  small  perturbation  of  the  gun  transit  angle, 
u  ,  from  the  exact  design  conditions,  it  is  not  valid  for  large  departures 
of  either  B  or  from  the  design  values.  In  the  range  of  validity 

however,  we  see  that  for  constant  ,  the  current  should  vary  linearly 
with  anode  voltage,  while  for  constant  ,  the  current  should  decrease 
with  increasing  B^  . 

In  Fig.  ^.11  measured  values  of  cathode  current  as  a  function  r 

( 13 ) 

6.  for  a  number  of  values  of  B.  are  shown.'  The  solid  lines  are 

0 

obtained  from  Eq.  (5-2)  where  the  values  of  the  constants  are  those  given 
in  Appendix  B.  The  exact  design  pc'^nts  for  the  different  values  of 
magnetic  field  are  also  shown.  We  see  that  for  each  value  of  magnetic 
field  the  experimental  points  are  in  excellent  agreement  with  the  theory, 
<%xcept  for  values  of  anode  voltage  significantly  below  the  design  points, 
where  the  measured  currents  all  lie  above  the  theoretical  curves.  This 
we  should  expect  in  view  of  the  approximations  used  in  deriving  Eq.  (5*2). 
1‘hysically,  at  these  low  values  of  anode  voltage,  the  actual  electron 
trajectories  are  significantly  altered  from  the  design  trajectories,  and 
hence  the  variation  in  the  transit  angle  may  not  be  treated  as  a  small 
perturbation. 

Now  if  the  gun  trajectories  are  maintained  constant  by  keeping  the 

scaling  parameter  0a/3_^  fixed  at  approximately  the  design  value, 

^  ^  3/p 

Eq.  (5-2)  implies  that  I^  «  as  is  the  case  for  any  space-charge 

limited  gun.  In  Fig.  5 *12  this  .M^vior  shown.  Experimental  values 

of  I^  are  plotted  on  a  two-thirds  power  scale  as  a  function  of 
for  two  values  of  the  scaling  parameter  greater  and  and  less  than  the  design 
value.  The  solia  curves  are  ccxnputed  from  Eq.  (5* 2).  In  this  case 
the  gun  transit  angle  is  fixed  and  we  should  expect  all  of  the  experimental 
points  to  be  on  a  straight  line.  We  see  that  for  most  points,  agreement 
of  experimental  values  with  the  theory  is  within  5  per  cent. 

The  type  of  data  which  is  presented  in  Figs.  5.11  and  5.12  was  taken 
on  a  number  of  occasions  after  reassembly  of  the  gun  for  repairs  or  other 

“TOT - 

During  these  measurements,  conditions  in  the  drift  region  were 
adjusted  for  optimum  transmission,  and  it  should  be  noted  that  the  gun 
current  was  found  to  be  completely  insensitive  to  variations  in  sole  and 
circuit  voltages. 
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5.11— Short  gun  characteristic 


Cathode  current 


2 

FIG.  5-12--Short  gun  characteristic  for  constant  W  • 


reasons  and  such  data  was  found  to  be  reproducible  In  most  cases  to  an 
accuracy  of  ^  per  cent.  Such  variation  undoubtedly  resulted  from  errors 
In  alignment  and  possibly  Imperfections  In  the  emitting  svirface  of  the 
cathode.  Since  errors  In  the  measurement  of  the  magnetic  field  and  the 
voltages  and  currents  were  on  the  order  of  2  to  3  per  cent,  we  concluded 
that  the  discrepancy  between  theory  and  experiment  could  well  resxilt  from 
experimental  error. 

It  may  be  noted  that,  with  the  gun  operating  at  design  conditions, 
no  measurable  current  was  drawn  by  the  gun  anode.  It  was  found  necessary 
to  raise  the  anode  voltage  about  20  per  cent  above  design  value  In  order 
for  this  electrode  to  draw  cvirrent,  and  for  further  Increase  in  6.  , 
such  current  was  found  to  increase  very  rapidly.'  '  These  observations 
would  tend  to  Indicate  a  very  well  defined  beam  In  the  gun  region.  This 
conclusion  Is  supported  by  the  vlsvial  appearance  of  the  beam  as  seen  In 
the  various  photographs,  (see  Fig.  ^.19)* 


b.  Transmission  Measurements. 

These  measurements  consisted  In  determining  the  amovint  of  beam 
current  collected  by  the  drift  region  electrodes:  (l)  as  a  function  of 
the  circuit  and  sole  potentials  with  the  gun  parameters  fixed  at,  or 
near,  design  conditions,  and  (2)  as  a  function  of  conditions  in  the  gun 
with  the  sole  and  circuit  volta^^es  held  constant.  During  all  of  these 
measurements  the  gecxnetry  of  the  gun  In  relation  to  the  drift  region 
electrodes  was  as  shown  In  Fig.  5 •13* 

Before  considering  the  detailed  results,  scxne  general  comments 
regarding  the  transmission  characteristics  are  in  order.  Under  all  cir¬ 
cumstances,  In  order  to  achieve  maximum  transmission.  It  was  found 
necessary  to  Increase  the  electric  field  Intensity  in  the  drift  region, 
over  the  value  existing  at  the  exit  plane  of  the  gun.  This  phenomenon 
is  probably  a  consequence  of  the  high  charge  density  at  the  gun  exit,  a 
result  of  the  gun's  excessive  convergence  mentioned  above.  Furthermore, 
for  all  conditions  under  which  it  was  possible  to  support  a  stable  beam 
in  the  drift  region,  very  low  sole  currents,  usually  much  less  than  1 
per  cent  of  the  total  beam  current  were  observed.  Furthermore,  the  sole 
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e  section  D-3b  of  this  chapter. 
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FIG.  ^.13 — Geometry  for  the  short  gun  transmission  measurements. 
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(15) 

current  under  these  conditions  was  always  found  to  be  negative,  '  even 
when  the  sole  was  made  positive  with  respect  to  the  cathode.  It  is 
thought  that  this  negative  sole  current  was  a  result  of  positive  ion 
cxirrent  to  the  sole  and  possibly  of  secondary  emission  effects.  In 
support  of  the  former,  it  was  noted  that  the  magnitude  of  this  negative 
current  was  pres sure -dependent,  and  was  found  to  Increase  with  Increasing 
pressure. 

(i).  Transmission  characteristics  as  a  function  of  the  drift  region 
electrode  potentials.  With  the  gun  at  approximately  the  design  conditions, 
currents  to  the  circuit,  sole  and  collector  were  measured  as  a  function 
of  the  circuit  potential  for  a  number  of  values  of  sole  potential.  In 
Fig.  5*1**'  the  current  intercepted  by  the  circuit  is  plotted  as  a  function 
of  circuit  voltage  for  both  positive  and  negative  sole  voltage.  Figure 
5.15  shows  the  negative  sole  currents  corresponding  to  the  data  of  the 
preceding  figure.  We  see  that,  under  optimum  conditions,  transmissions 
of  about  9&  per  cent  are  achieved,  even  for  positive  sole  voltEiges,  over 
a  range  of  approximately  200  volts,  or  20  per  cent,  variation  in  0  .  . 

C  V 

The  extreme  left  ends  of  both  sets  of  these  curves,  corresponding 
to  lower  values  of  and  markedly  increased  circuit  and  sole  currents, 

represent  areas  of  relative  beam  instability  since  both  circuit  current 
and  negative  sole  current  tended  to  fluctuate  and  were  not  reproducible 
in  this  region.  For  values  of  0  giving  approximate  field  continuity 

C  w 

between  the  gun  and  drift  region,  rather  poor  transmission  was  noted  with 
10  to  20  per  cent  of  the  total  beam  current  going  to  the  circuit.  Under 
these  conditions  the  magnitude  of  the  negative  sole  current  was  also 
somewhat  larger,  although  generally  not  exceeding  1-2  ma.  On  the  other 
end  of  the  transmission  curves,  where  is  greater  than  the  range 

of  voltage  for  minimum  interception,  no  evidence  of  instability  was  seen; 
in  this  range,  we  see  from  the  data  that  the  current  intercepted  by  the 
circiiit  slowly  Increases  with  Increasing  circuit  voltage.  However,  the 
sole  current  is  seen  to  reach  a  minimum  value  of  less  than  25  ua  . 

(li).  Transmission  as  a  function  of  gun  potential.  Figure  5*l6 
shows  the  circuit  current,  normalized  to  the  total  cathode  current,  as 

define  negative  current  in  this  case  to  be  opposite  in  polarity 
to  the  collector  current. 
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5 -16 — Normalized  circuit  current  as  a  function  of  smode  voltage. 


a  function  of  the  gun  anode  voltage.  For  all  points  shown,  current  to 
the  sole  Is  less  than  100  ua  and  Is  negative.  The  significant  result 
of  this  measurement  Is  that  a  sharp  minimum  In  current  Intercepted  by 
the  circuit  Is  located  very  near  the  exact  design  volteige  for  the  gun. 

The  principal  effect  on  the  transmission  of  varying  0^  from  the  design 
value  Is  to  cause  the  beam  to  enter  the  drift  region  nonparallel  to  the 
sole-circuit  planes.  The  net  result  Is  a  rippling  beam  and  Increased 
current  collection  by  the  second  anode. 

(ill).  Cathode  current  and  transmission  as  a  function  of  cathode 
bias  voltage.  Normally  the  cathode  was  kept  at  the  same  potential  as 
the  focusing  electrodes  which  are  grounded.  The  cathode  was,  however, 
electrically  Isolated  from  grovmd.  When  the  cathode  was  biased  slightly 
positive  or  negative  with  respect  to  the  beam  focusing  electrodes,  the 
effect  was  to  cha..^  the  cathode  current  without  changing  appreciably 
the  shape  or  the  transmission  characteristics  of  the  beam  (see  Fig.  5-l8f) 
Moreover,  the  variation  of  cathode  current  with  cathode  bias  voltage, 
for  small  bias  voltage,  was  fo\md  to  be  reasonably  linear.  Cathode 
current  and  circuit  current  as  a  function  of  cathode  bias  voltage  are 
shown  in  Fig.  5* 17*  The  values  of  circuit  current  are  included  as  a 
general  indication  of  the  effect  of  such  biasing  on  overall  beam  character 
Istics.  It  was  noted  that  while  this  type  of  biasing  vrould  provide  an 
easy  method  of  current  modulating  the  beam,  it  was  not  possible,  by 
biasing  the  cathode  sufficiently  positive,  to  cut  off  the  beam  entirely. 
Moreover,  after  reducing  the  cathode  current  more  than  about  35  per  cent 
by  this  means,  it  was  found  that  noticeable  current  was  collected  by 
the  gun  anode. 

c.  Photographs  of  the  Beam 

-5 

At  pressures  of  approximately  10  torr,  it  Is  possible  to  observe 

the  approximate  geometry  of  the  beam  by  means  of  the  weak  ionization 

and  excitation  induced  by  the  beam.  Estimates  of  the  accuracy  of  this 

19 

technique  as  applied  to  the  M-type  geometry  have  been  made,  and  both 
the  effect  of  the  Ion  fields  and  the  errors  due  to  the  combination  of 
the  drift  velocity  and  the  finite  relaxation  time  of  the  collision- 
excited  molecules  have  been  found  to  be  negligible.  The  former  result 
is  in  agreement  with  our  observations,  since  no  significant  change. 
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either  In  total  bean  current  or  transmission  was  noted  In  making  a  change 

-7  -5 

of  pressure  from  5  x  10  to  10  torr,  except  In  the  case  of  partially 
poisoned  cathodes  where  the  higher  pressure  tended  to  restore  the  lagging 
emission. 

In  the  case  of  the  short  gun,  the  pressure  was  raised  by  Introducing 
hydrogen  Into  the  system  by  means  of  a  titanium  hydride  generator  of  the 
type  used  In  hydrogen  thyratrons.  ^y  this  means,  reasonably  accurate 
pressure  control  could  be  achieved  by  adjusting  the  power  to  the  generator 
heater,  while  maintaining  full  pumping  speed.  This  procedure,  however, 
was  found  to  be  somewhat  damaging  to  the  cathode,  probably  as  a  result 
of  the  poisoning  effects  of  the  hydrogen,  and  In  the  later  experiments 
with  the  long  gun  the  hydrogen  system  was  removed  and  Increased  beam 
viewing  pressures  provided  by  decreasing  the  pumping  speed.  It  Is  felt 
that  this  latter  procedvire  caused  less  cathode  damage  than  the  former. 

Vlsxial  observations  of  the  beam  profile  were  made  In  two  ways.  By 
using  a  vernier  telescope.  It  was  possible  to  see  any  fine  details  which 
might  escape  detection  with  the  naked  eye  as  well  as  to  measure  the  beam 
thickness.  In  addition  numerous  photographs  of  the  beam  under  varied 
gun  and  drift  region  conditions  were  taken. 

Plg\ire  5.18  shows  a  series  of  representative  photographs  of  the  beam 
In  the  gun  and  drift  region.  These  prints  were  made  from  color  trans¬ 
parencies  taken  with  high-speed  Ektachrome  color  reversal  film.  The 
printing  paper  was  1  elected  so  as  to  have  a  very  hard  response  to  blue, 
the  color  of  the  beam,  and  a  much  softer  response  to  yellow  and  red. 

As  a  result  the  effective  cathode  glare  was  reduced  and  a  sharp  profile 
of  the  convergent  beam  In  the  gun  was  obtained. 

Figure  5- 18a  Is  Intended  to  represent  an  example  of  a  reasonably 
straight,  well-focused  berm.  From  the  photograph,  recalling  that  the 
length  of  the  cathode  Is  .3  in.,  we  see  that  the  thickness  of  the  beam 
in  the  drift  region,  well  away  from  the  gun  exit  plane.  Is  about  .040 
to  .0^5  inches.  The  effective  convergence  of  the  gun  is  then  about  Tsl* 
For  a  beam  current  of  ll4  ma,  with  a  beam  drift  velocity  equal  to  ^q/®q 
in  the  drift  region,  and  an  assumed  beam  width  of  1.1  in.,  the  ideal 
Brillouin  thickness  is  .036  in.;  thus  the  ratio  of  the  measured  beam 
thickness  to  that  of  the  corresponding  Brillouin  beam  is  about  1.2  . 
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The  gun  Is  then  seemingly  successful  In  launching  a  beam  approximating 
planar  Brlllouln  flow,  at  least  In  Its  gross  features. 

Several  comments  should  be  made  regarding  this  conclusion.  In 
order  to  achieve  the  optlmvan  focusing  shown  In  the  photograph.  It  was 
necessary  to  abruptly  accelerate  the  beam  at  the  gun  exit.  Thus  on  the 
basis  of  the  gun  design,  the  average  beam  velocity  at  exit,  for  the 
conditions  of  the  photoGra;;;)h,  la  approximately  1  x  10*^  m/sec  while  Eq/Bq 
In  the  drift  region  Is  1.^3  x  lo'^  m/sec.  Note  additionally  that  while 
the  average  beam  thickness  In  the  drift  region  Is  only  slightly  greater 
than  that  for  a  Brlllouln  beam,  some  evidence  of  instability  and  dei>arture 
from  Brlllouln  flow  Is  seen.  In  all  of  the  beam  photographs,  we  note 
that  the  lover  edge  of  the  beam  Is  not  uniformly  well  defined.  At  periodic 
intervals  along  the  beam,  relatively  thin  laminar  sections  appear  to 
sei)arate  from  the  main  portion  of  the  beam  and  diverge  toward  the  sole.^^^^ 
This  effect  Is  more  pronounced  under  less  Ideal  focusing  conditions  than 
those  of  Fig.  5.15a,  but  is  clearly  seen  In  the  extreme  right  end  of  all 
of  the  beam  photographs  In  Fig.  5.18.  This  phenomenon  appears  at  periodic 
intervals  of  approximately  along  the  beam.  It  Is  thought  that 
these  "tails"  probably  are  the  envelopes  of  a  relatively  small  class  of 
electron  trajectories  which  are  undulating  across  the  beam  as  a  whole. 

These  excessively  perturbed  trajectories  are  probably  a  result  of  the 
sudden  acceleration  experienced  by  the  beam  at  the  gun  exit  plane  and 
are  most  likely  a  periodic  repetition  of  the  beam  spreading  which  occurs 
In  this  area. 

It  should  be  noted  that  under  no  conditions  was  any  visual  evidence 
of  rf  growth,  such  as  a  continual  Increase  In  beam  thickness,  seen  In 
the  drift  region.  This  observation  Is  In  general  agreement  with  the 
absence  of  measurable  sole  current. 

The  remainder  of  the  beam  photographs  are  Intended  to  show  the 
general  behavior  of  the  beam  under  less  Ideal  focusing  conditions  than 
those  of  Fig.  5.15a. 

Figures  5.18  b  and  c  show  the  effect  of  Increasing  and  decreasing 

^^^\t  Is  definitely  believed  that  this  phenomenon  is  not  related  to 
hollow  beam  instability.  We  have  shown  in  Appendix  A,  in  agreement  with 
the  earlier  results  of  Pierce,  that  such  dc  instabilities  should  not 
exist  for  planar  crossed-field  beams. 
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the  circuit  voltage  in  comparison  to  the  value  in  the  first  photograph. 

We  see  that  6  may  be  varied  20  per  cent  without  greatly  affecting 
c 

the  shape  of  the  beam,  a  reexilt  in  agreement  with  the  transmission  data 
shown  in  Fig.  5.1^. 

Figures  ^.l8  d  and  e  show  the  beam  with  the  sole  potential  zero  and 

+  14-5  volts,  respectively.  As  the  sole  voltage  is  increased,  the  effect 

is  to  increase  the  potential  discontinuity  at  the  exit  plane.  We  see 

that,  as  a  consequence,  the  beam  becomes  somewhat  less  compact  and  in  the 

case  of  positive  0  ,  undulates  noticeably.  Again,  it  should  be  emphasized 

s 

that  even  under  such  conditions  as  these  no  significant  sole  current 
was  measured. 

Figure  5.i8  f  shows  the  geometry  of  the  beam  with  the  cathode  biased 
+  45  volts  with  respect  to  the  focusing  electrodes.  The  beam  cvirrent  is 
approximately  half  that  measured  with  no  bias  voltage.  From  the  photograph, 
which  indicates  the  extent  of  the  cathode  emitting  surface,  it  appears 
that  most  of  the  current  is  drawn  from  the  center  of  the  cathode,  with 
little  current  coming  from  the  edges  near  the  focusing  electrodes.  The 
shape  of  the  resultant  beam  is  then  similar  to  that  of  a  beam  from  a 
shorter  cathode.  It  is  thought  that  the  normal  components  of  the  biasing 
field,  which  is  certainly  the  strongest  on  the  portions  of  the  cathode 
surface  nearest  the  focusing  electrodes,  effectively  "cutoff"  these 
areas,  yet  that  the  potentials  do  not  vary  sufficiently  from  the  exact 
values  to  greatly  alter  the  shape  of  the  remaining  portion  of  the  beam 
coming  from  the  center  of  the  cathode. 

Figure  5.19  shows  an  enlargement  of  the  beam  in  the  gun  region. 

The  points  outline  the  edge  trajectories  of  the  theoretical  beam  which 
is  traced  to  the  approximate  position  of  the  exit  plane.  The  black 
rectangular  area  near  the  cathode  is  an  obstruction  between  the  camera 
and  the  end  of  the  cathode  which  is  seen  in  all  of  the  photographs.  We 
see  that  the  shape  of  the  experimental  beam  is  in  good  agreement  v;ith 
the  theory,  except  near  the  exit  plane,  where  the  beam  spreads  and  is 
considerably  thicker  than  predicted.  We  note  in  addition  what  appears 
to  be  a  slight  deficiency  in  emission  from  the  rear  of  the  cathode. 

On  the  basis  of  these  photographs  we  concludedthat  the  gun  focuses 
the  beam  substantially  as  predicted  by  the  theory,  except  near  the  exit 
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FIG.  :j.l9--The  beam  in  the  gun  region 

showing  the  theoretical  edge 
trajectories. 


plane  where  spreading  occurs,  and  consequently  the  high  space-charge 
densities,  predicted  by  the  flow  equations,  are  not  achieved  in  practice. 

By  accelerating  the  beam  at  the  exit,  eu3  apparent  tendency  towards  insta¬ 
bility  and  beam  breakup  is  overcome,  and  a  reasonable  approximation  to 
Brlllouln  flow  is  achieved.  In  practice  it  may  well  be  desirable  to 
provide  such  additional  acceleration  somewhat  more  gradually  than  has 
been  done  in  these  experiments.  Thus  a  short  transition  region  might 
be  placed  between  the  gun  and  the  drift  region  to  accelerate  the  beam 
to  the  drift  region  velocity.  It  is  also  possible  that  the  same  result 
might  be  achieved  by  modifying  the  gun  electrodes  near  the  exit  plane  so 
as  to  raise  the  gvin  exit  velocity  without  greatly  altering  the  form  of 
the  beam.  However,  in  view  of  the  success  achieved  with  the  simple  gun 
as  we  have  described  it,  these  possibilities  have  not  been  pursued  further. 

D.  THE  EXPERIMENTAL  LONG  GUN 
1.  Design  Considerations 

The  electrode  configuration  for  the  long  gun  which  we  have  studied 
is  shown  in  Fig.  5*20.  The  focusing  electrodes  correspond  to  the  normal¬ 
ized  equipotential  >1'  =  0  while  the  anode  is  a  portion  of  the  equipotential 
<!>  =  2000.  The  normalized  cathode  length,  L  ,  is  130,  and  the  cutoff 
plane  is  at  X  =  1000  on  the  upper  edge  trajectory.  At  the  exit  plane, 
the  values  of  u  on  the  upper  and  lower  edge  trajectories  are  and 
4i.7,  respectively;  thus  the  average  transit  angle  in  the  gun  is  roughly 
about  lU  n  .  The  beam  thickness  at  exit  is  3*0  normalized  units,  and 
thus  on  the  basis  of  dc  theory,  the  gun  would  be  expected  to  have  an 
area  convergence  of  43.4. 

We  may  show,  as  in  Eq.(5.l),  that  the  slope  dY/dX  at  any  point  on 
the  long  gun  trajectories  is  given  in  terms  of  u  simply  by 


dX 


tan  if 


(5.3) 


a  monotonically  decreasing  function  of  u  .  The  exit  angles  of  the  upper 
and  lower  edge  trajectories  are  then  found  to  be  1.28  degrees  and  1.37 
degrees,  respectively.  In  view  of  these  small  values,  the  gun  was  not 
tilted  in  an  effort  to  minimize  the  injection  angles,  as  was  done  with 
the  short  gun. 


-  3  - 


X 


The  remainder  of  the  design  parameters  are  evaluated  exactly  as 
before.  The  resvilts  are  svmsnarlzed  In  Table  II.  We  see  that  at  the 
exit,  the  beam,  on  the  basis  of  the  gxin  theoiy,  almost  exactly  satisfies 
the  Brlllouln  conditions.  This  ve  should  expect,  since  It  can  be  shown 
very  simply  from  the  flow  equations  that  at  any  point  In  the  beam  suffi¬ 
ciently  far  from  a  finite  length  cathode,  the  Brlllouln  conditions  are 
satisfied  to  a  high  degree  of  accuracy.  Thus,  In  principle.  Insofar  as 
It  Is  possible  to  establish  the  flow,  the  long  gun  would  seem  to  provide 
the  ultimate  solution  to  the  problem  of  producing  Brlllouln  flow.  However, 
we  shall  see  that  experimentally  there  are  difficulties,  and  the  theory 
Is  overoptlmlstlc,  primarily  because  of  the  appearance  of  rf  Instabilities 
In  the  gun  flow. 

For  the  design  parameters  given  In  Table  II .  the  quantity  , 
the  Initial  potential  at  the  cathode,  has  a  value  of  .llU  volts.  At  a 
cathode  tonperature  of  900°C,  kT  =  .101  electron  volts,  so  that  at  the 
cathode  the  conditions  for  the  validity  of  the  simple  flow  solution  are 
approximately  satisfied.  We  may  also  note  that  by  scaling  the  gun 
parameters,  that  la,  by  varying  the  anode  potential  0^  and  B^  such 
that  is  constant  at  the  design  value  of  7*10  x  lO’**^  v/gauss^  , 

It  Is  possible  to  vary  so  that  Its  value  ranges  well  above  and 
below  the  value  of  the  thermal  potential.  Thus  for  B^  =  1000  gauss 
and  400  gauss,  the  corresponding  values  of  are  .178  volts  and 
.0285  volts,  respectively.  The  effect  of  this  form  of  scaling  on  the 
beam  has  been  examined  experimentally  and  will  be  discussed  later. 

It  should  be  pointed  out  that  we  have  purposely  chosen  a  rather 
short  cathode,  primarily  for  very  practical  reasons,  the  principal  one 
being  the  necessity  for  limiting  the  beam  current  because  of  collector 
cooling  problems.  The  ability  to  be  able  to  carry  out  the  type  of  scaling 
measurements  discussed  In  the  previous  paragraph,  and  the  magnetic  field 
which  Is  available,  essentially  determines  the  choice  of  J  .  Hence, 

y 

the  restriction  on  total  current  dictates  the  choice  of  the  cathode 
length.  It  should  be  emphasized  that,  In  principle,  much  greater  con¬ 
vergence,  current  and  perveance  are  available  from  this  type  of  gun 
through  the  use  of  a  longer  cathode. 
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TABLE  II 


A.  Design  Parameters  for  the  Experimental  Long  Gun 


total  beam  current  I 

c 

beam  width 

current  density  at  the  cathode 
dc  magnetic  field 
linear  normalization  factor 


V'o'  0 

potential  normalization  factor  t>J 


2  ^4- 

0  “c 


anode  potential  0 


104  ma 
1.1  in. 

200  ma/cm^ 

800  gauss 

.000559  inches/normal¬ 
ized  unit 

.227  volts/vinit  of 
normalized  potential 


perveance 


volts 
10.8  X  10' 


-6 


B.  Exit  Conditions 


beam  thickness  6  at  the  exit  plane 

upper  edge  trajectory  eit  the  exit  plane; 
potential 
exit  angle 

lower  edge  trajectory  at  the  exit  plane; 
potential 
exit  angle 

average  velocity  at  exit 
velocity  gradient  across  the  beam  at  exit: 
beam  plasma  frequency  at  exit  0)^ 
cyclotron  frequency 


.00168  in. 


227  volts 
1.28  degrees 

197  volts 
1.37  degrees 

8.63  X  10^  m/sec 

1.46  X  10^^  sec”^ 

1.42  X  10^°  sec"^ 

1.4l  X  10^°  sec“^ 


-  96  - 


2.  Mechanical  Design  of  the  Long  Gun 


The  details  of  the  experimental  long  gun  are  shown  In  Fig.  ^.21. 

In  many  respects  this  structure  Is  similar  to  the  short  gun  dlscvissed 
earlier.  Vfhlle  the  cathode  emitting  surface  Is  physically  smaller  than 
that  of  the  short  gun,  the  same  type  of  cathode  and  heater  assembly,  as 
well  as  the  means  of  aligning  this  structure  with  respect  to  the  focusing 
electrodes,  has  been  employed  with  equally  good  success  In  this  later 
gun. 

The  curved  surfaces  of  the  anode  and  focusing  electrodes  were 
machined  from  solid  stock.  I^e  anode  curvature  was  approximated  by  two 
straight  lines  and  two  circular  arcs  of  different  radii.  .  With  solid 
electrodes  of  this  type,  the  allgrment  problem  was  reduced  to  one  of 
aligning  p''ane,  rather  than  curved  surfaces.  The  alignment  was  therefore 
simpler,  and  more  accurate  than  for  the  earlier  gun. 

The  cathode  surface  was  prepared  In  a  somewhat  different  fashion 
from  the  earlier  gun.  In  this  case,  a  fine  nickel  mesh  (230  meshes  per 
In.,  wire  diameter  .0016  In.)  was  bonded  to  the  surface  of  the  cathode 
button  under  pressure  In  a  hydrogen  atmosphere  at  950°C.  The  chief 
advantage  of  this  technique  over  the  nickel  powder  method  was  a  greater 
uniformity  In  the  thickness  of  the  applied  matrix  material. 

As  shown  In  Fig.  3*21,  confining  Pierce  electrodes  Inclined  at  43 
degrees  to  the  cathode  plane  are  situated  at  each  side  of  the  cathode. 
Since  these  electrodes  obscure  only  a  very  small  portion  of  the  beam 
close  to  the  cathode,  they  do  not  provide  a  serious  hindrance  to  beam 
viewing . 

Photographs  of  the  gun  and  some  of  Its  component  parts  are  shown  In 
Fig.  3*22.  It  should  be  noted  that,  as  the  result  of  a  later  experiment, 
the  electrodes  as  shown  In  the  photographs  have  been  modified  (see  section 
3f  of  this  chapter).  The  cutoff  plane  has  In  effect  been  moved  much 
closer  to  the  cathode  by  removing  a  portion  of  the  anode  and  the  forward 
focusing  electrode.  All  other  details  are  as  originally  constructed. 

3.  Experiments  with  the  Long  Gun 

As  was  the  case  for  the  earlier  gun,  the  experiments  which  were 
performed  with  the  long  gun  were  generally  of  two  types;  (l)  experiments 
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FIG.  5.21 — Mechanical  details  of  the  long  gun. 


dealing  only  with  the  gun  and  with  the  beam  in  the  gun  region  (sections 
a,  b  and  c)  and  (ll)  transmission  measurements  dealing  with  the  nature 
of  the  beam  In  the  drift  region  (section  d)  as  a  function  of  both  the 
gun  and  drift  region  parameters.  In  addition,  visual  observations  of 
the  beam  are  described  In  section  e,  while  two  additional  experiments 
involving  basic  changes  In  the  long  gun  optics  are  discussed  in  section 
f. 

The  object  of  the  first  group  of  experiments  (l),  like  similar  ones 
performed  with  the  short  gun,  was  to  verify  the  dc  th**'  ^  uj.  ''nng 
gun.  Thus,  these  measurements  consisted  primarily  of  obtaining  cathode 
current  as  a  function  of  anode  potential  and  magnetic  field  over  a  wide 
range  of  these  parameters  (section  a).  In  addition  to  these  measurements, 
the  cutoff  characteristics  of  the  gun,  l.e.,  current  collected  by  the 
accelerating  anode  as  a  function  of  magnetic  field,  were  obtained  (section 
b).  Such  data  Is  of  Interest  since  the  absence  of  an  abrupt  cutoff  of 
anode  current  Is  characteristic  of  an  unstable  beam,  that  Is,  a  beam 
containing  excess  energy  electrons.  Finally,  the  effects  of  biasing 
the  focusing  electrodes  with  respect  to  the  cathode  were  investigated 
(section  c)  in  an  experiment  much  like  an  earlier  one  performed  with 
the  short  gun. 

The  second  series  of  experiments  (li)  was  much  more  extensive  than 

was  the  similar  group  of  measurements  made  with  the  earlier  gun,  primarily 

because  c.f  the  appearance  of  beam  instabilities  as  evidenced  by  the 

collection  of  current  by  the  sole.  Such  c\irrent  was  noted  even  with 

this  electrode  bias^-'  .-<j.ny  ’.s  negative  with  respect  to  the  cathode. 

As  mentioned  earlier,  this  phenome  <on  has  been  observed  In  almost  all 

previous  crossed-fleld  experiments.  The  mechanism  responsible  for  such 

sole  current  as  well  as  the  excesslvt  amounts  of  noise  usually  measured 

In  crossed-fleld  beams  Is  not  at  present  understood.  Some  evidence 

(including  that  from  the  present  work)  Indicates  that  these  phenomena 

6  29  30 

are  related  to  diocotron  or  slipping- stream  amplification  *  in  the 

beam  and  to  some  form  of  instability  originating  very  close  to  the  cathode 

which  appears  to  depend  on  whether  the  cathode  is  space-charge  or 

l8 

temperature  limited.  In  the  long  gun  transmission  measurements,  we 
have  attempted  to  gain  as  much  information  as  possible  as  to  precisely 
which  aspects  of  the  beam  or  its  external  environment  are  important  in 
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determining  the  magnitude  of  the  sole  current,  and  consequently,  how 
it  may  be  possible  to  overcome  this  instability. 

For  the  most  part,  the  transmission  experiments  consisted  in  measviring 

the  magnitude  and  other  properties  of  the  sole  current  as  a  function  of 

certain  parameters  characteristic  of  the  gun,  the  drift  region,  or  the 

beam  Itself.  With  the  exception  of  certain  of  the  early  experiments 

(see  for  example,  section  d-i),  the  circuit  was  sufficiently  far  removed 

from  the  beam  so  that  little  measurable  circuit  current  was  observed 

\uider  most  experimental  conditions.  In  addition  to  measuring  the  total 

sole  current  Intercepted  by  the  continuous  sole,  in  some  cases  measure* 

ments  were  made  of  the  sole  current  distribution  as  a  function  of  the 

distance  from  the  gun  exit  plane.  These  results  were  obtained  by  using 

the  segmented  sole  structure.  In  addition,  seme  attempts,  by  using 
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Langmilr  probe  techniques,  were  made  to  measure  the  temperature  of  the 
elections  collected  at  the  sole.  These  measvirements  consisted  of  obtaining 
negative  sole  current  as  a  function  of  the  negative  sole  potential  for 
both  the  continuous  sole  and  for  the  individual  sections  of  the  segmented 
sole.  A  semllogarlthmlc  plot  of  such  data,  if  linear,  may  be  related  to 
the  electron  temperature  T  ,  since  for  a  Maxwellian  energy  distribution 
of  the  sole  current  electrons  the  slope  of  such  a  curve  is  e/kT  .  In 
many  cases,  experimental  curves  of  this  sort  (including  ours)  are  found 
not  to  have  a  constant  slope,  so  an  accurate  evaluation  of  temperature 
is  not  possible.  Moreover,  such  experiments  are  subject  to  rather  large 
errors,  as  a  result  of  secondary  emission  effects  at  the  sole.  The 
results  obtained  are  therefore  somewhat  suspect,  and  do  not  represent 
a  very  accurate  description  of  the  true  energy  distribution.  We  have 
Included  such  measurements  only  as  a  means  of  obtaining  a  rough  ccsnparlson 
of  the  energy  spread  in  the  beam  under  various  conditions  and  at  different 
locations  in  the  drift  region. 

Section  d-1  describes  investigations  of  the  transmission  of  the 
beam  through  the  drift  region  as  a  function  of  the  externally  applied 
fields,  these  fields  being  continuous  between  the  gvin  and  drift  region. 

The  data  are  found  to  be  scalable  in  terms  of  the  quantity  (^  .  -  0  )/b^  , 
which  we  shall  hereafter  refer  to  as  the  drift  region  scaling  parameter. 

In  section  d-il  the  observed  dependency  of  the  sole  current  on  the  total 
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bean  current  when  the  cathode  is  space-charge  limited  Is  described, 
while  In  section  d-111  the  reduction  In  the  magnitude  of  the  total  sole 
current  brought  about  by  temperature-limiting  the  cathode  Is  presented. 

In  sections  d-lv  throxigh  d-vl  we  describe  a  series  of  measurements 
related  entirely  to  conditions  In  the  drift  region.  During  these  experi¬ 
ments  the  gun  i>araneters  were  kept  at  or  near  the  design  values,  except 
when  the  cathode  current  was  reduced  from  the  design  value  by  temperature 
limiting.  In  section  d-lv,  the  observed  dependency  of  the  sole  current 
on  the  value  of  the  drift  region  scaling  parameter  Is  discussed.  In 
these  experiments  i>otentlal  and  field  discontinuities  existed  at  the  gun 
exit  plane.  It  Is  found  that  the  sole  current  becomes  very  small  for 
sufficiently  large  values  of  the  scaling  parameter.  In  section  d-v  we 
consider  the  distribution  of  sole  current  as  a  function  of  the  distance 
from  the  gun  exit  plane,  the  experimental  observations  having  been 
carried  out  for  various  conditions  In  the  drift  region,  and  for  both 
space-charge  and  temperatxire  limited  conditions  at  the  cathode.  In 
section  d-vl  the  measurements  of  sole  current  temperature  are  described, 
and  particular  note  Is  made  of  the  observed  dependency  of  these  measure¬ 
ments  on  the  value  of  the  scaling  parameter. 

Like  the  short  gun,  described  earlier,  the  long  gun  was  normally 
operated  space-charge  limited.  However,  some  of  the  measurements, 
particularly  those  pertaining  to  the  beam  Instabilities,  were  made 
under  both  space  charge  and  temperature -limited  conditions.  In  the 
following  sections,  these  data  are  given  simultaneously  for  purposes  of 
comx>arlson.  However,  unless  specifically  noted,  the  measurements  were 
made  under  space-charge  limited  conditions. 

a.  Measurement  of  Cathode  Current  as  a  Function  of  the  Gun  Parameters. 
We  show  In  Appendix  B  for  the  long  gun  that  the  cathode  current,  anode 
voltage  and  magnetic  field  should  vary  approximately  according  to  the 
relation 

'  <5.1.) 
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where  M  is  a  constant  dependent  on  geometry.  ''  Since  the  derivation 
of  this  equation  is  not  based  upon  a  perturbation  appro::imation  in  u  , 
as  was  the  corresponding  expression  for  the  short  gun,  it  does  not  have 
such  a  limited  range  of  validity,  and  in  particular,  it  should  hold 
over  a  range  of  anode  voltages  widely  different  from  the  design  value. 
However,  as  a  resxilt  of  such  variation  on  ,  the  gun  transit  angle, 
and  hence  the  shape  of  the  trajectories,  do  change.  If  and 
are  varied  so  that  ,  and  hence  the  sliape  of  the  trajectories 

remain  unchanged,  the  current  varies  as  0^  '  ,  as  we  should  expect 

for  a  normo.1  space-charge  limited  gun. 

Figure  5.23  shows  the  values  of  which  were  measured  experimen¬ 

tally  as  a  function  of  0^  for  four  different  values  of  B^  .  The 
solid  curves  are  plotted  from  Eq.  (5*^)  with  the  constant  M  as 

2 

evaluated  in  Appendix  B.  In  addition,  the  exact  design  points 
=  7*10  X  lo”^  v/gauss^)  are  shown  for  each  value  of  B^  .  The  experi¬ 
mental  results  are  seen  to  be  in  good  agreement  with  the  theory,  except 
for  values  of  0^  and  I^  very  much  below  the  design  points  where  the 
experimental  values  of  current  are  smaller  than  predicted  by  theory. 
Figure  5*24  shows  the  experimental  values  of  I  for  two  different 
constant  values  of  i^pJ^Q  *  larger  and  smaller  than  the  exact  design 
value.  The  experimental  points  are  plotted  on  a  two-thirds  power  scale 
as  before.  The  solid  curves  are  plotted  from  Eq.  (5-^)  for  the  two 

p 

experimental  values  of  a®  well  as  the  exact  design  value  of 

this  quantity.  Again,  the  experimental  points  are  seen  to  be  in  good 
agreement  with  the  theory.  The  same  remarks,  v;hich  were  made  earlier  for 
the  short  gun  on  experimental  error  and  reproducibility  of  this  type  of 
measurements,  also  apply  to  these  results. 

b.  Measurement  of  the  Cutoff  Characteristics  of  the  Long  Gun.  The 
object  of  this  experiment  was  to  determine  how  well  defined  the  beam 
was  at  the  gun  exit.  The  measurement  consisted  of  determining  the 
fraction  of  the  cathode  current  dra\m  by  the  accelerating  anode  as  a 

^  The  difference  in  the  form  of  Eq.  (5-^)  and  the  corresponding 
expression  for  the  short  gun  [Eq.  (5*2)]  should  be  noted.  Previous 
workers8>l8  have  found  experimentally  that  the  cathode  current  of  simpler 
guns  of  both  the  long  and  short  types  varies  approximately  as  the  ratio  of 
the  anode  voltage  squared  ovej'  the  ma  netic  "leLi;  thus  the  form  of  Eq. 
(5.^)  is  not  unexpected. 
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5.23--Long  gun  characteristic. 
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FIG.  5*24--Long  gun  charact  rictic  with 
iieli^i  constant. 
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function  of  the  magnetic  field  strength.  The  results  are  shown  in  Fig. 

5.25.  The  ratio  of  the  anode  cvtrrent  ,  normalized  to  the  cathode 

current,  is  shown  as  a  function  of  magnetic  field  which  is  normalized 

to  the  design  value  of  for  *  Ilk  volts.  Data  are  shown  for 

both  space>charge  and  temperature  limited  conditions  at  the  cathode. 

In  the  latter  case  the  heater  power  was  reduced  so  that  reached 

exactly  half  of  its  space-charge  limited  value.  We  see  that  at  the 

design  value  of  B.  ,  the  normalized  anode  current  is  reduced  from  unity 
°  -3 

to  a  factor  of  roughly  5  x  10  and  that  this  reduction  occurs  over  a 

range  of  from  ^0  to  100  per  cent  of  the  design  magnetic  field.  In 

addition,  the  space-charge  limited  points  are  seen  to  always  fall  below 

the  corresponding  temperature-limited  values.  We  may  compare  these 
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results  with  those  of  Anderson,  who  has  made  similar  measurements  on 
a  short  gun,  similar  to  ours,  which  was  recently  Incorporated  into  an 
M-type  backward  wave  amplifier.  Anderson's  data  are  shown  in  Fig.  ^.26. 
Normalized  anode  current  is  shown  as  a  function  of  the  magnetic  field 
also  normalized  to  the  design  value.  From  his  data  we  see  that  the  rate 
of  reduction  of  I^  is  more  rapid  than  for  our  results.  For  Anderson's 
gun,  normalized  anode  current  obtained  under  space-charge  limited  conditions 
always  is  greater  than  its  temperature-limited  values.  In  addition,  the 
normalized  anode  current  reaches  a  plateau  well  below  the  cathode  current; 
this  plateau  is  at  a  much  lower  level  in  the  temperature-limited  case. 

In  our  measurements  with  the  long  gun,  no  such  plateau  was  observed  even 
with  a  normalized  anode  current  as  low  as  lO"^  . 

We  suggest  that  the  behavior  observed  with  Anderson's  gun  is  actually 
a  result  of  secondary  electrons  which  are  formed  when  a  portion  of  the 
beam  strikes  the  front  focusing  electrode  near  the  exit  plane.  As  a 
result  of  the  decreased  separation  between  the  focusing  electrode  and 

f  18) 

anode  in  this  region,  the  critical  magnetic  field'  '  is  about  I.5  times 
the  design  field  for  the  gun,  and  hence  secondaries  from  the  focusing 
electrode  could  strike  the  anode.  The  only  difficulty  with  this  explanation 
is  that  on  the  basis  of  this  simple  argument,  the  same  phenomena  should 
be  observed  for  the  long  gun  for,  as  in  Anderson's  case,  the  critical 
magnetic  field  near  the  exit  plane  is  larger  than  the  design  field. 


For  a  definition  of  this  quantity,  see  section  d. 
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FIG.  5'25--Long  gun  cutoff  characterictict- . 
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If  the  interpretation  of  Anderson's  results  is  correct,  it  would 
seem  that  similar  plateaus  should  exist  for  the  long  gun  and  perhaps 
are  to  be  found  at  somewhat  lower  values  of  normalized  anode  current. 

The  alternative  possibilities  that  no  electrons  strike  the  focusing 
electrodes  for  values  of  larger  than  the  design  value  or  that  no 
secondaries  are  produced  as  a  result,  would  seem  doubtful  in  view  of 
the  excessive  sole  current  which  has  been  observed  in  the  drift  region. 

As  a  result  of  the  mechanical  structure  of  the  gun,  it  was  not  possible 
to  measure  current  to  the  focusing  electrode  directly.  However,  by 
measuring  and  the  currents  to  the  other  electrodes  it  could  be  seen 
that  the  magnitude  of  such  current,  if  present,  was  small. 

c.  Cathode  Bias  Measurements.  The  object  of  this  experiment,  like 
that  of  similar  measvirements  made  with  the  short  gun,  was  to  determine 
the  el : ■ cts  on  the  total  beam  current  and  on  beam  transmission  of  biasing 
the  cathode  at  a  potential  above  or  below  that  of  the  focusing  electrodes. 
The  results  of  such  measurements  are  closely  related  to  the  focusing 
properties  of  the  gun  and  are  of  importance  as  a  possible  method  of 
beam  modulation.  These  results  are  therefore  included  here  rather  than 
with  the  remainder  of  the  transmission  measurements  in  section  d. 

For  these  measurements  the  geometry  of  the  gun  with  respect  to  the 
drift  region  electrodes  was  the  same  as  in  the  experiments  described 
in  section  d-i.  The  cathode  current  as  well  as  the  cmrrent  to  all  Other 
electrodes  was  measured  as  the  cathode  was  biased  both  positively  and 
negatively  with  respect  to  the  focusing  electrodes.  The  results  are 
shown  in  Fig.  5.27.  We  see  that  the  beam  is  almost  entirely  cut  off  for 
a  bias  potential  of  +  100  volts,  approximately  4o  per  cent  of  . 

The  ability  to  achieve  such  a  cutoff  is  undoubtedly  a  function  of  the 
cathode  length.  When  the  cathode  was  made  negative,  althoxigh  the  cathode 
current  continued  to  increase,  a  sharp  drop  was  noted  in  the  current 
injected  from  the  gun  into  the drift  region  (the  sum  of  the  currents  to 
the  sole,  circuit  and  collector).  This  was  almost  certainly  a  result 
of  current  being  collected  by  the  forward  focusing  electrode.  At  the 
same  time,  current  was  also  collected  by  the  gun  anode,  probably  a  result 
of  secondary  electrons  from  the  focusing  electrode.  This  behavior  is 
shown  for  moderate  values  of  negative  bias  potential. 
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FIG.  5'27--Cathode  current  and  transmission 
as  a  function  of  cathode  bias 
voltage. 


d.  Transmission  Measurements.  In  the  following  sections  we  shall 
discuss  many  of  our  results  In  terms  of  the  scaling  parameter 
(^ct  "  proportional  to  the  product  of  the  cyclotron 

wavelength  and  the  sole-clrc\ilt  spacing.  However,  since  much  of  the 
data  in  the  literature,  particularly  the  work  of  the  French,  is  presented 
in  terms  of  the  parameter  Bq/B^  ,  where  ,  the  critical  magnetic 
field,  is  given  by  -  i>^)/  -  we  shall  also  Indicate 

the  magnitude  of  this  qmntlty  wherever  appropriate.  We  note  that  B^ 
represents  the  value  of  magnetic  field  at  which  electrons,  leaving  the 
cathode  plane  of  an  infinite  magnetron  diode  with  zero  velocity,  will 
reach  the  anode  with  zero  normal  velocity,  assuming  that  (0  .  -  0  ) 

CX)  8 

represents  the  potential  difference  between  the  cathode  and  anode. 

2 

Furthermore,  we  note  that  for  a  constant  sole-circuit  spacing  (B^/B^) 
is  proportional  to  the  reciprocal  of  the  scaling  parameter. 

The  geometry  for  the  loi^  gun  transmission  measurements  is  shown 
in  Fig.  5.28.  During  the  course  of  these  experiments,  the  sole-circuit 
spacing  d  ,  and  A  ,  the  distance  of  the  sole  below  the  end  of  the 
focusing  electrode,  were  varied.  The  particular  values  of  these  geometri¬ 
cal  quantities  will  be  given  in  the  discussion  of  the  individual  experi¬ 
ments  . 

It  should  be  noted  that  a  direct  comparison  of  data  presented  in 
terms  of  the  scaling  parameter  may  be  made  only  for  data  which  is 
obtained  with  the  same  value  of  d  .  In  ccanparing  data  taken  under 
different  geometries,  a  more  useful  parameter  is  the  cyclotron  wave¬ 
length  ~  ~  where  appropriate,  we  shall 

use  both  the  scaling  parameter  and  the  corresponding  value  of  in 
evaluating  our  results. 

(d-i).  Gross  Characteristics  of  the  Sole  and  Circuit  Current.  In 
general,  these  experiments  were  considered  as  preliminary  measurements 
made  in  order  to  gain  some  knowledge  as  to  the  general  behavior  of  the 
system  under  a  fairly  wide  range  of  operating  parameters.  The  data 
which  were  obtained  were  found  to  be  scalable  and  are  compared  with  some 
similar  measurements  of  Miller  which  were  obtained  using  conventional 
short  gun  optics. 
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For  these  measurements,  the  values  of  the  geometrical  constants 
d  and  A  were  .050  In.  and  zero,  respectively.  With  this  geometry, 
in  order  to  insure  approximate  field  and  potential  continuity  between 
the  gun  and  drift  region,  the  circuit  voltage  must  be  twice  the  gun 
voltage,  and  the  sole  nominally  at  the  potential  of  the  focusing  electrodes 
The  experimental  procedure  was  then  to  measure  the  total  cathode 
current  and  the  currents  to  the  circuit,  sole,  and  collector 
(l^  ,  )  for  given  voltsiges  on  the  anode,  circuit,  and 

sole  ((6.  ,  <5  ^  )  and  for  various  values  of  B-  .  The  collector 

was  normally  kept  at  the  potential  of  the  circuit.  In  addition,  for 
this  set  of  measurements,  was  equal  to  l/2  . 

Miller  has  reported  a  similar  series  of  measurements  made  with  a 
simpler  optical  system  using  a  form  of  the  French  short  gun,  and  has 
found  that  I  ,  normalized  to  I  ,  if  plotted  as  a  function  of  the 

s  p  c 

scaling  parameter  ^  /B.  ,  is  essentially  independent  of  the  actual 

CXi  u 

values  of  voltages  and  fields.  We  have  plotted  our  data  in  a  similar 
manner  in  Fig.  5.29  which  also  shows  the  corresponding  values  of 
in  the  drift  region.  The  sole  potential  was  zero  for  all  of  the  data 
shown.  We  see  that  these  data  are  scalable,  although  for  a  given  vsdue 
of  the  scaling  parameter  the  largest  value  of  normalized  sole  current 
seems  to  be  associated  with  the  smallest  value  of  B^  .  The  other 
Interesting  aspect  of  these  data  is  the  very  sharp  reduction  in  sole 
current  for  values  of  the  scaling  parameter  greater  than  about  10  ^/gauss^ 
However  it  was  found  that  as  I  was  so  reduced,  I  .  ,  the  current 

S  C  w 

collected  by  the  circuit,  was  sharply  increased  so  that  for  no  values 

of  the  scaling  parameter  was  the  transmission  greater  than  about  70  per 

cent.  These  values  of  circuit  current,  normalized  to  the  cathode  current, 

are  also  found  to  be  scalable  and  are  shown  in  Fig.  5*30. 

Figure  5*31  shows  values  of  sole  current  obtained  for  two  scaled 

values  of  negative  sole  voltage,  0/^^.  -  -  50  ,  -  25  •  The  data, 

obtained  for  zero  voltage,  are  also  included  for  purposes  of  comparison. 

Although,  for  a  given  value  of  the  scaling  parameter,  I  is  seen  to 

s 

decrease  with  increasing  negative  sole  voltage,  it  was  noted  that  for 
values  of  the  scaling  parameter  at  which  the  circuit  was  collecting 
current,  the  magnitude  of  this  current  was  essentially  independent  of 
the  sole  voltage. 
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Fig.  5»29“-Gross  sole  current  characteristics 
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FIG.  5.30 — Gross  circuit  current  characteristics. 
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FIG.,  5*31 — Gross  sole  current  characteristics 
for  various  sole  potentials 
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It  Is  Instructive  to  compare  our  results,  using  a  more  sophisticated 

gun,  with  Miller's  results.  In  Fig.  5*32  we  show  Miller's  data,  along 

with  a  sketch  of  the  electrode  configuration  used  in  obtaining  them.  These 

data  are  in  general  agreement  with  ours  except  that  in  Miller's  work 

the  abrupt  decrease  in  I  appears  at  a  slightly  larger  value  of  the 

8 

cyclotron  wavelength.  However,  under  no  circumstances  does  Miller 
report  circuit  current.  It  was  speculated  (and  later  confirmed  by 
experiment)  that  the  effect  of  increasing  the  sole-circuit  spacing  in 
our  electrode  system  would  be  to  eliminate  the  circuit  current  without 
appreciably  changing  the  value  of  the  cyclotron  wavelength  at  which  the 
sole  current  is  cut  off. 

In  regard  to  these  scaling  data,  it  should  be  noted  that,  in  general, 
the  gun  was  not  operating  at  the  design  parameters;  thus,  in  no  sense 
should  these  data  be  regarded  as  representing  optimum  transmission 
conditions . 

A  remark  should  be  made  regarding  the  significance  of  these  results. 

On  the  basis  of  the  data  shown  in  Figs.  ^.29  and  3>30,  it  follows  that 
the  phenomena  responsible  for  the  collection  of  both  sole  and  circuit 
currents  is  primarily  a  function  of  the  geometry  of  the  beam,  as  measured 
by  the  value  of  the  scaling  psurameter  which  is  proportional  to  X  in 
the  drift  region.  In  the  gun  region  where  the  electric  field  is  non- 
uniform,  we  have  already  pointed  out  that  the  shape  of  the  gun  trajectories 
is  determined  by  the  value  of  the  gun  scaling  parameter 
In  addition,  u  ,  the  gun  transit  angle,  and  hence,  the  equivalent  number 
of  cyclotron  wavelengths  of  the  beam  in  the  gun,  is  also  determined  by 
.  In  the  present  series  of  measurements  we  have  shown  that  the 
normalized  sole  current  scales  with  the  total  number  of  cyclotron  wave¬ 
lengths  of  the  beam  (including  the  portion  of  the  beam  in  the  gun).  In 
section  d-lv  we  shall  see  that  normalized  sole  current  scales  in  much 
the  same  manner  when  only  the  value  of  X^  in  the  drift  region  is  varied 
with  the  gun  parameters  held  fixed,  and  moreover,  that  the  sole  current 
may  be  greatly  diminished  by  increasing  the  value  of  the  drift  region 
scaling  parameter  sufficiently. 

^^^^Note  that  ,  the  potential  associated  with  the  normal  component 
of  the  thermal  velocities  at  the  cathode,  does  not  ;-,cale  with  0^/Bq 
("ce  section  d-iv). 


-  117  - 


5.32--Gross  sole  current  characteristics  of  Miller: 
jS  =  0  ;  0  .  varied  from  500  to  1700  v;  varied  from 


( d-ii)i  The  Total  Sole  Current  as  a  Function  of  the  Cathode  Current 
for  Space-Chaxge-Llmlted  Conditions  at  the  Cathode.  The  object  of  this 
set  of  experiments  was  to  determine  how  the  sole  current  varies  with 
the  magnitude  of  the  total  beam  current.  Values  of  sole  current  were 
measured  as  a  function  of  ,  which  was  varied  by  means  of  the  gun 
anode  potential  ,  under  conditions  of  full  space-charge  limitation 
at  the  cathode.  Data  were  taken  for  three  values  of  magnetic  field. 

The  values  of  always  kept  constant,  so  as  to 

maintain  a  constant  value  of  the  scaling  parameter  in  the  drift  region. 

The  values  of  d  and  A  were  .100  in.  and  .010  in.,  respectively. 

Figure  5*33  shows  I  plotted  as  a  function  of  I  for  the  three 

6  C 

values  of  B.  .  From  the  slope  of  these  curves  we  find  that,  for  each 

0  3 

value  of  B.  ,  I  varies  almost  exactly  as  I  over  most  of  the 

w  8  C 

range.  The  other  interesting  aspect  of  these  data  is  the  tendency  for 

to  saturate  at  large  values  of  .  The  points  in  this  region 

correspond  to  values  of  scxnewhat  above  the  design  value  where 

current  is  beginning  to  be  collected  by  the  gun  anode.  For  the  data 

taken  for  B^  =  400  gauss,  was  purposely  increased  to  the  point 

where  relatively  large  currents  were  collected  by  the  anode  in  order 

to  Illustrate  this  effect.  For  the  two  points  labeled  on  the  graph, 

increasing  from  4o  to  46  ma  res\ilted  in  an  increase  in  of 

8  to  12  ma,  while  I  Increased  only  from  l4  to  l4.4  ma.  Even  if 

s 

compensation  is  made  for  the  net  current  removed  from  the  beam  as  a 
result  of  anode  interception,  these  points  are  still  found  to  lie  well 
below  the  extension  of  the  original  slope.  A  possible  Implication  of 
this  result  is  that  the  top  edge  of  the  beeua,  the  portion  intercepted 
by  the  anode,  contains  a  greater  fraction  of  the  excess  energy  electrons 
which  give  rise  to  the  sole  current  than  does  the  beam  as  a  whole.  We 
shall  say  more  concerning  this  observation  later. 

(d-iil).  The  Effect  of  Temperature-Limiting  the  Oathode  on  the 
Magnitude  of  the  Sole  Current.  In  the  previous  section  we  have  seen 
that  the  magnitude  of  the  sole  is  dependent  on  the  total  beam  current, 
and  in  fact  varies  approximately  as  to  the  third  power  when  the 

cathode  current  is  space-charge  limited.  In  this  section  we  shall 
describe  experiments  which  were  performed  with  the  cathode  temperature- 
limited.  Under  these  conditions,  a  substantial  reduction  in  the  magnitude 


-  119  - 


Sole  Cvirrent  I  (ma) 


1  2  4  68  10  20  40  60  80  100  200 

Cathode  current  (ma) 


Fig.  5,33--Sole  current  as  a  function  of  cathode 
current,  with  the  cathode  space -charge 
limited. 
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of  the  normalized  sole  current,  as  compared  to  the  corresponding  values 

measured  with  the  cathode  space-charge-llmlted,  was  found. 

Figure  5  •3**'  shows  the  effect  of  temperature-limiting  the  cathode 

on  total  sole  current.  For  these  measurements  the  gun  anode  voltage 

was  fixed  at  2%  volts,  the  design  value  for  =  600  gauss.  The  values 

of  d  and  were  .050  in.  and  zero,  respectively.  Values  of  cathode 

current  and  normalized  sole  current  are  plotted  as  functions  of  the 

heater  current.  We  note  a  very  abrupt  drop-off  in  normalized  sole 

current  at  the  corresponding  knee  of  the  cathode  current  cvirve.  This 

result  indicates  that  the  magnitude  of  the  sole  current  is  either 

strongly  dependent  on  the  conditions  at  the  cathode,  upon  the  total 

beam  current,  or  both.  We  have  already  noted  the  dependency  of  I  on 

s 

the  value  of  I  .  In  order  to  determine  the  actual  effect  of  conditions 
c 

«t  the  cathode  it  is  necessary  to  compare  sole  current  as  a  function  of 
cathode  current  under  both  space-charge-  and  temperature-limited  con¬ 
ditions  at  the  cathode.  The  former  measurements,  where  I  is  determined 
by  the  gvin  anode  potential,  have  been  discussed  in  the  previous  section. 

In  Fig.  5*35  we  show  normalized  sole  current  as  a  function  of  1^  , 
where  the  latter  was  varied  both  by  temperature-limiting  the  cathode  and 
by  varying  .  Potentials  on  the  drift  region  electrodes,  the  value 
of  Bq,  and  the  geometry  were  the  same  for  both  of  these  sets  of  data, 
although  not  the  same  as  for  the  data  shown  in  the  previous  figure.  We 
see  that  the  normalized  sole  current  falls  off  noticeably  faster  when 
I^  is  reduced  by  temperature-limiting,  rather  than  by  reducing  the 
anode  potential. 

This  reduction  in  sole  current  resulting  from  a  temperature-limited 

13 

cathode  has  been  noted  previously  by  Guenard  and  Huber  and  by  Epszteln 
33 

and  Malllart.  A  corresponding  reduction  in  crossed-fleld  beam  noise 

has  been  observed  as  a  result  of  the  same  condition  by  Little,  Ruppel 
lU 

and  Stalth.  One  point  regarding  these  earlier  measurements  should 
be  made.  In  each  of  the  reported  experiments,  the  electrode  configuration 
was  basically  similar  to  that  used  by  Miller”  and  illustrated  in  Fig. 

5.32.  In  each  case,  the  accelerating  electrode  above  the  cathode  was 
either  an  integral  part  of,  or  electrically  connected  to  the  positive 
electrode  in  the  drift  region.  In  making  their  measurements,  for  a 
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FIG.  5.3^--Effect  of  temperature  limiting 
on  the  gross  sole  current. 
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FIG.  5«35--Comparison  of  normalized  sole  current 
as  a  function  of  cathode  current  for 
temperature  and  space-cheurge  limiting 
at  the  cathode. 


given  cathode  temperature,  these  Investigators  Increased  the  accelerator 
voltage  until  the  cathode  became  temperature-limited.  For  further 
Increases  In  accelerator  potential,  the  cathode  current  remained  essen¬ 
tially  constant,  and  at  the  same  time  sole  current  or  noise  was  found 
to  decrease.  However,  at  the  same  time,  the  electric  field  and  hence 
the  scaling  parameter,  as  well  as  the  beam  cyclotron  wavelength  In  the 
gvin  and  the  drift  region,  were  also  Increased.  We  have  seen  that  on 
the  basis  of  the  space-charge-llmlted  experiments  discussed  In  section 
d-1  (and  also  those  to  be  discussed  In  sec  ion  d-lv)thau  u..  '’-"rease 
In  the  scaling  parameter  alone  might  be  expected  to  bring  about  a 
reduction  In  sole  current;  thus  It  would  seem  that  two  mechanisms  were 
actually  resp..“'‘?lble  for  the  observations  which  were  reported.  It 

should  be  mentioned  that  evidence  to  this  effect  is  found  in  the  work 

33 

of  Epszteln  and  Maillart,  who  noted  an  irregular  decrease  in  sole 
cxirrent  for  Increasing  values  of  accelerator  and  circuit  voltage 
corresponding  to  2q/1.^  ~  2  even  with  the  cathode  space-charge-llmlted. 

In  the  same  tube  a  similar  cutoff  of  sole  current  was  seen  with  the 
cathode  temperature-limited,  but  at  a  higher  value  of  (lower 

anode  voltage)  than  for  space-charge-limited  emission. 

(d-iv).  Total  Sole  Current  as  a  Function  of  the  scaling  Parameter 
In  the  Drift  Region.  The  results  of  the  gun  cutoff  measurements  described 
In  section  b  ,  as  well  as  visual  observations  of  the  beam.  Indicate 
that  a  reasonably  well-defined  beam  was  ejected  at  the  exit  plane  of 
the  long  gun.  Moreover,  as  the  nature  of  the  gun  is  such  that  the 
cathc"^  as  completely  shielded  from  the  drift  region,  the  sole  and 
circuit  potentials  and  hence  the  electric  field  in  this  area  may  be 
varied  without  affecting  the  behavior  of  the  gun.  The  effect  of  such 
variation  is  to  cause  flelJ  and  potential  discontinuities  at  the  gun 
exit,  which  in  turn  cause  the  beam  to  undulate  in  the  drift  region. 

With  the  types  of  field  discontinuities  encountered  during  the  trans¬ 
mission  exjjeriments, such  undulations  were  observed  usually  to  have 
an  amplitude  of  the  order  of  the  beam  thickness.  It  is  assumed  that 


'  ^The  electric  field  in  the  drift  region  was  never  less  than  three- 
fourths  or  greater  than  two  and  one-half  times  that  supplied  by  the  gun 
electrodes  at  the  gun  exit  plane. 
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such  small  undulations  have  little  effect  on  the  Inherent  beam  Insta¬ 
bilities.  This  assumption  is  a  seemingly  valid  one,  since  oxir  results, 

obtained  with  a  reasonably  straight  beam,  are  found  to  be  in  qualitative 

o  12 

agreonent  with  the  earlier  experiments  of  Astr'om,  which  were  performed 
with  the  trochotron,  an  M-type  device  in  which  the  beam  is  in  the  form 
of  a  curtate  cycloid  (Fig.  3»la)* 

In  this  section,  we  s^all  describe  some  experiments  in  which  total 
sole  current  was  measured  as  a  function  of  the  external  potentials  on 
the  drift  region  electrodes.  On  the  basis  of  the  apparent  dependency  of 
the  sole  c\irrent  and  noise  mechanisms  on  the  mode  of  current  limitation 
at  the  cathode,  it  is  reasonably  safe  to  assume  that  the  source  of  these 
instabilities  is  to  be  found  in  the  gun  region,  and  is  quite  probably 
associated  with  the  formation  of  the  potential  minimum  near  the  cathode 
under  space-charge-limited  conditions.  However,  a  significant  result  of 
the  present  measurements  is  that  it  was  found  possible  to  greatly  diminish 
the  magnitude  of  the  observed  sole  current,  merely  by  increasing  the 
electric  field  in  the  drift  region  over  the  value  required  for  field 
and  potential  continuity  at  the  gvin  exit.  As  mentioned  earlier,  the 
amount  of  undxilatlon  introduced  onto  the  beam  by  the  resulting 
sudden  acceleration  at  the  gun  exit  plane  was  small.  Moreover,  on  the 
basis  of  visual  observations,  the  exit  plane  discontinuities  did  not 
appear  to  alter  the  beam  thickness  (see  Fig.  ^.^9). 

In  the  case  of  the  scaling  measurements  which  were  discussed  in 
section  d-1,  both  the  gun  and  circuit  voltages  were  varied  so  as  to 
Insure  approximate  field  and  potential  continuity  between  the  gun  and 
drift  region.  As  a  result,  the  value  of  was,  for  the  most  part, 
not  correct,  and  as  a  consequence  the  form  of  the  gun  trajectories  was 
also  perturbed  from  the  design  shape.  In  the  present  set  of  measurements 
the  gun  voltage  was  set  at  the  design  value  for  a  given  value  of  . 
Current  to  the  continuous  sole  was  measured  as  a  function  of  sole  and 
current  voltages.  For  these  measurements,  the  values  of  d  and  A 
were  .ICX)  in.  and  .010  in.,  respectively.  For  this  geometry,  conditions 
for  potential  and  field  continuity  at  the  exit  were:  j6.  , 

and  =  3-6  .  The  following  data  were  taken:  (l).  With  a  constant 

negative  value  of  j^g  *  "  varied,  resulting  in  a 


discontinuity  both  In  field  and  potential  at  the  gun  exit  plane.  (2). 

The  values  of  f)  ^  and  were  varied,  the  ratio  being 

maintained  at  a  value  of  -  9  >  thus  maintaining  continuity  in  potential, 
but  not  electric  field  at  the  exit. 

The  values  of  normalized  sole  current  as  a  function  of  the  drift 
region  scaling  parameter  -  jfj  )/Bq^  are  shown,  for  both  types  of 

measurements  and  for  fovir  values  of  ,  in  Figs.  5*36  and  5*37.  No 
significant  circuit  current  was  measured,  except  for  very  high  values  of 
0^^  ,  where  its  maximum  value  was  less  than  1  per  cent  of  . 

Similar  data  are  shown  in  Figs.  ^.38  and  ^.39  fox'  temperature- 
limited  conditions  at  the  cathode  with  =  600  gauss.  Normalized 
sole  current  is  again  plotted  as  a  function  of  the  scaling  paxameter 
for  two  values  of  obtained  by  reducing  the  heater  power.  The 
corresponding  space-charge  limited  curves,  as  given  in  the  two  previous 
flgxires,  are  also  shown  for  comparison. 

The  most  significant  aspect  of  these  measurements  is  the  very  great 
reduction  in  sole  current  which  was  achieved  by  merely  increasing  the 
value  of  the  circuit  potential,  and  hence  the  scaling  parameter  and 
consequently  decreasing  the  number  of  cyclotron  wavelengths  of  the  beam 
in  the  drift  region.  We  see  in  addition  in  Figs.  5*36  and  5*37  that 
although  the  experimental  points  are  closely  grouped  for  values  of  the 
scaling  parameter  less  than  3  x  lO”"^  v/gauss  ,  for  larger  values  of 
this  parameter  the  sole  current  falls  off  more  rapidly  with  increasing 
values  of  B^  .  In  this  respect  we  note  that  as  a  result  of  scaling 
the  gun  voltages,  the  trajectories  in  the  gun  have  the  same  shape  for 
each  value  of  B^  .  However,  0^  ,  the  initial  potential  at  the  cathode, 
does  not  scale  in  the  same  manner;  thus  for  the  data  shown  in  these 
same  figures,  0^  varies  from  a  maximum  of  .l44  volts  for  B^  =  900 
gauss  to  a  minimum  of  .0285  volts  at  B^  =  400  gauss.  However,  there 
does  not  seem  to  be  any  particular  evidence  for  correlating  this  variation 
with  the  results  of  the  scaling  measurements. 

In  comparing  the  space-charge  and  temperature-limited  data  we  see 
that  normalized  sole  current  falls  off  more  rapidly  with  increasing 
values  of  the  scaling  i)arameter  as  the  cathode  current  is  decreased  and 
the  gun  becomes  more  completely  temperature-limited.  In  order  to  see 
the  actual  effect  of  temperature-limiting  apart  from  that  due  to  the 
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Fig.  5. 37- -Normalized  sole  currertt  as  a  function  of  the  drift  region 
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decrease  in  ,  we  show  in  Fig.  5.38  points  and  which  indicate 

the  corresponding  sole  currents  for  the  same  values  of  I  obtained 

c 

with  lower  gun  voltages  with  the  cathode  space-charge  limited.  Conditions 

in  the  drift  region  for  these  points  are  the  same  as  for  the  temperature- 

limited  data.  We  see  that  for  I  =37  naj  the  decrease  in  normalized 

c 

sole  current  is  almost  entirely  due  to  the  decrease  in  ,  while  for 

I  =  13  ma,  a  significant  reduction  in  I  /I  is  seen  as  a  result  of 
c  sc 

tempersture-llmltlng  at  the  cathode. 

(d-v).  The  Distribution  of  the  Sole  Current  Along  the  Length  of  the 

Sole.  A  series  of  measurements  were  made  using  a  modified  form  of  the 

segmented  sole  structure  described  earlier.  These  experiments,  for  the 

most  part,  consisted  in  measuring  the  fraction  of  the  total  beam  current 

Intercepted  by  each  of  the  sole  segments  as  a  function  of  conditions  in 

the  drift  region  and  the  mode  of  ciarrent  limitation  at  the  cathode.  The 

purpose  of  such  measurements  was  to  determine  the  location  of  the  parts 

of  the  beam  characterized  by  the  greatest  instabilities  (largest  sole 

currents)  as  a  function  of  these  conditions.  Some  similar  measurements 

•  ~  12  8 

have  been  reported  earlier  by  Astrom  and  Miller,  and  after  presenting 
our  results,  we  will  compare  them  with  this  earlier  work. 

As  was  mentioned  earlier  in  discussing  the  details  of  the  beam 
tester,  an  alternate  sole  assembly  was  constructed  so  as  to  be  able  to 
measure  the  distribution  of  sole  current  along  the  sole  as  a  function 
of  the  distance  from  the  exit  plane  of  the  gun.  Because  of  the  very 
low  sole  currents  measured  with  the  short  gun,  this  structure  was  not 
used  in  the  earlier  experiments.  The  assembly  was  modified  for  use  with 
the  long  gun  as  shown  in  Fig.  ^.2.  This  modification  was  made  for  two 
reasons:  (l)  the  beam  tester  had  been  altered  so  that  it  was  no  longer 
possible  to  bring  in  the  twenty-eight  leads  required  if  the  twenty 
segments  of  the  sole  were  to  be  connected  Independently,  and  (2)  the 
.2^0  in.  length  of  the  segments,  if  each  were  separated  from  the  adjacent 
ones,  would  result  in  a  structure  with  a  periodicity  equal  to  for 

the  beam  under  certain  experimental  conditions.  It  was  felt  that  this 
condition  should  be  avoided  if  possible.  The  modified  structure  consisted 
of  seven  insulated  segments,  each  composed  of  approximately  three  and 
one-fourth  of  the  short  segments,  in  close  physical  contact  and  electrically 
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connected.  The  length  of  one  of  the  modified  segments  was  then  approx* 
Imately  .8^0  in.,  a  value  much  larger  than  under  all  experimental 
conditions . 

However,  anomalous  effects  were  still  observed  in  conjijnctlon  with 
the  sesnented  structure.  In  comparing  measurements  of  sole  current  as 
a  function  of  the  drift  region  scaling  parameter  (as  in  Fig.  ^.38)  for 
the  two  structxires,  under  otherwise  Identical  geometries,  it  was  noted 
that:  (1)  although  the  genered  dependency  on  the  scaling  parameter  was 
the  same,  the  sole  current  was  found  to  decrease  much  more  Irregularly 
with  increasing  vedues  of  the  scaling  i>aj*aaeter  for  the  segmented  sole 
than  for  the  smooth  structure,  (2)  for  equal  values  of  the  scaling  para¬ 
meter,  somewhat  larger  values  of  I  were  generally  measured  with  the 

8 

segaented  sole,  and  (3)  under  certain  conditions  in  the  drift  region, 
and  only  for  the  segmented  sole,  the  amplitude  of  the  cyclotron  undula¬ 
tions  on  the  beam  was  visually  observed  to  grow  or  diminish  with  distance 
along  the  beam  in  the  drift  region. 

This  latter  phenomenon  was  particularly  apparent  in  the  range  of 
scaling  parameters  corresponding  to  slightly 

smaller  than  this  value  the  undulation  amplitude  was  seen  to  grow  by  a 
factor  of  2  to  3  in  a  distance  of  several  cyclotron  wavelengths,  while 
with  X  slightly  larger  than  .2^0  in.,  a  beam  undulating  with  an 

V 

amplitude  2  to  3  times  its  thickness  was  rendered  almost  coBQ>letely 
straight  in  about  the  same  distance.  For  photographs  of  these  effects 
the  reader  is  referred  to  Appendix  D.  In  Appendix  D,  this  behavior  is 
shown  to  eurise  from  the  lens  action  of  very  small  discontinuities  in 
the  drift  region  electric  field,  which  resulted  from  the  nature  of  the 
modified  sole  segsents.  Such  effects  might  be  expected  in  any  geoMtry 
characterized  by  such  periodically  perturbed  fields,  th\is  for  any  distri¬ 
bution  measuresients  involving  a  segmented  sole,  provided  that:  (l)  the 
beam  is  reasonably  well  focxised  and  rectilinear,  and  (2)  the  perturbations 
occur  over  a  distance  small  compared  to  the  beam  cyclotron  wavelength 
X^  and  have  a  spatial  periodicity  approximately  equal  to  X^  .  It  is 
doubtful  that  condition  (l)  was  sufficiently  well  satisfied  for  these 
effects  to  be  seen  in  the  earlier  experiments  of  Astrom  and  Miller. 

Such  lens  effects,  which  may  be  described  as  dc  pumping  of  a  dc 
cyclotron  wave,  could  in  principle  be  very  useful,  either  for  "straightening" 
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thin  undulating  beams,  or  Increasing  the  amplitude  of  undulation  of  such 
beams  for  applications  such  as  the  rippling  beam  amplifier.  Consequently, 
we  have  Investigated  them  In  detail  both  experimentally  and  theoretically 
In  terms  of  a  paraxial  analysis.  The  results  of  these  Investigations  are 
summarized  In  Appendix  D. 

On  the  basis  of  the  foregoing  observations,  the  absolute  accuracy 
of  the  sole  cvirrent  meeusvirements  made  with  the  segmented  structure  Is 
somewhat  open  to  question.  However,  we  have  found  no  reason  to  suppose 
that  the  general  behavior  of  the  sole  current  distribution,  as  a  function 
of  the  drift  region  parameters,  or  conditions  at  the  cathode,  was  grossly 
affected  by  the  detailed  structure  of  the  sole  (see  the  remark  made  In 
conjunction  with  the  visual  observations  of  the  beam  below).  For  a 
given  value  of  the  scaling  parameter,  the  mechanism  which  gives  rise 
to  the  excess  energy  electrons  which  are  Intercepted  as  sole  current 
appears  to  be  largely  Independent  of  the  dc  shape  of  the  beam,  l.e., 
whether  It  be  cycloidal  or  rectlllneeur.  Consequently,  the  observed  lens 
effects  of  the  segmented  sole  are  believed  not  to  have  greatly  altered 
the  results  which  we  shall  present. 

Flgvure  5.40  shows  the  normalized  sole  ciarrent  distribution,  that 
Is,  the  total  fraction  of  the  cathode  ctirrent,  >  collected  by  each 

of  the  sole  segments  for  a  nuoiber  of  values  of  sole  voltage.  Itae  sole 
segments  are  numbered  In  order  of  IncreEislng  distance  from  the  cathode. 

For  these  data,  the  gun  was  operated  at  the  design  conditions  for  ^  800 
gauss  and  the  sole-circuit  potential  difference  was  kept  constant  as 
the  sole  potential  was  varied.  Ihe  values  of  d  and  ^  were  .0^0  In. 
and  zero,  respectively. 

Figure  5-**l  shows  the  sole  current  distribution  as  a  function  of 
the  scaling  peurameter  In  the  drift  region.  In  this  case  the  gun  peura- 
meters  were  fixed  at  the  design  values  for  =  600  gauss,  the  sole 
potential  kept  constant  at  zero  and  the  circuit  voltage  varied.  For 
these  measurements  d  was  Increased  to  . 100  In. ,  while  A  was  zero. 

Figure  5-^2  shows  the  sole  current  distribution  as  the  transition 
is  made  between  space-charge  and  teaperature- limited  conditions  at  the 
cathode.  Ihe  geometry  was  the  same  as  for  the  data  shown  in  Fig.  5.40. 

The  value  of  0^  in  the  gun  was  the  design  value  for  Bq  =  600  gauss 
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FIG.  5-^l--Sole  current  distribution  for  various  values  of  the 
drift  region  scaling  parameter. 
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and  0^^  was  kept  constant  at  20^  .  The  distribution  of  sole  current 
is  then  shown  for  decreasing  heater  power  and  cathode  current. 

These  data  have  a  number  of  implications.  The  results  of  Fig.  ^.Ul 
definitely  imply  that  the  mechanism  responsible  for  the  excessive  sole 
current  exhibits  spatial  growth  along  the  beam;  moreover,  the  rate  of 
this  growth  is  strongly  dependent  upon  the  value  of  the  scaling  parameter 
in  the  drift  region.  For  low  values  of  the  scaling  parameter  we  see 
definite  evidence  of  sat\iratlon  in  the  peaked  value  of  sole  current 
collected  by  the  second  and  third  segments.  As  the  scaling  parameter 
is  Increased,  the  growth  rate  api>ears  to  decrease  and  the  position  of 
the  segment  intercepting  the  maximum  sole  current  is  seen  to  shift  in 
the  direction  away  from  the  gun  at  the  same  time  the  total  sole  current 
decreases.  This  same  evidence  of  spatial  growth  and  saturation  is  seen 
in  the  data  shown  in  Fig.  ^.39*  A  rather  interesting  aspect  of  these 
data  is  that  the  currents  Intercepted  by  all  of  the  segments  after  the 
third  are  for  the  most  part  independent  of  the  sole  voltage,  and  are 
possibly  a  result  of  secondary  electrons  which  are  emitted  from  the  first 
few  sole  segments.  The  data  in  Fig.  ^.42  show  that  decreasing  the 
total  cathode  current  by  tanperature- limiting  the  cathode  has  the  same 
general  effect  on  the  sole  current  distribution  as  Increasing  the  value 
of  the  scaling  parameter  in  the  drift  region.  Again,  however,  we  must 
take  care  to  distinguish  between  the  actual  effect  on  the  magnitude  of 
the  sole  current  of  either  space-charge  or  temperature-limiting  and  a 
similar  effect  due  to  a  change  in  beam  current.  The  behavior  of  the 
data  shown  in  Fig.  ^.42  in  all  probability  is  a  result  of  both  effects. 

We  note  that  the  saturation  phenomena  implied  by  these  current 
distribution  measurements  are  in  agreement  with  visual  observations  of 
the  beam.  At  pressvires  where  the  beam  was  visible,  and  vinder  conditions 
where  the  maximum  amount  of  sole  current  was  measured  at  the  third  seg¬ 
ment,  the  beam  was  observed  to  rapidly  Increase  in  thickness  upon  leaving 
the  gun.  This  Increase  was  seen  to  continue  for  a  distance  equal 
approximately  to  the  location  of  the  third  sole  segment,  at  which  point 
the  beam  thickness  was  2  to  3  times  the  value  at  that  gun  exit.  Over 
the  remainder  of  the  drift  region  the  beam  thickness  appeared  to  remain 
essentially  constant.  As  the  scaling  parameter  was  Increased,  the 
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position  of  maxlBtum  beam  thickness  was  seen  to  shift  away  from  the  gun, 
a  result  which  Is  In  agreement  with  the  distribution  measurements. 

These  observations  were  made  for  both  the  continuous  and  segmented 
sole  structures  and  for  both  undulating  and  nearly  rectilinear  beams. 

It  Is  useful  to  compare  our  results  with  the  earlier  work  previously 
cited.  Figure  3-^3  shows  a  distribution  of  sole  current  given  by  Astr». 
Here  sole  current  Intercepted  by  a  peurtlcular  element  of  a  segmented 
sole  structure  Is  shown  as  a  function  of  the  distance  from  the  cathode 
with  total  cathode  current,  which  was  varied  by  changing  the  temperature 
of  the  cathode.  In  this  figure  the  electrode  configuration  of  the 
trochotron  Is  also  shown.  For  these  measurements  the  side  plates,  used 
to  provide  lateral  beam  confinement  parallel  to  the  magnetic  field,  were 
electrically  connected  to  the  sole;  hence  the  measured  sole  current 
Includes  both  sole  and  sldeplate  current.  In  coaiparlng  Astrom's  results 
with  the  similar  measurosent  made  with  the  long  gun  shown  In  Fig.  ^.^2, 
we  see  that  the  results  of  the  trochotron  measurements  are  very  similar 
to  ours  on  two  counts:  (l)  the  Increase  to  a  maximum,  then  subsequent 
decrease,  of  sole  current  with  Increasing  distance  frcm  the  gun,  and  (2) 
the  shift  away  from  the  cathode  of  the  part  Interdeptlng  the  maximum  sole 
current,  as  the  cathode  current  is  decreased.  In  comparing  these  results. 
It  should  be  noted  that  the  trochotron  cathodes  as  a  rule  were  sxifflciently 
short  so  that  the  entire  beam  executed  a  looped  trochoidal  traijectory. 

The  beam  from  the  long  gun,  however,  was  nearly  rectilinear  in  the  drift 
region,  and  nonundulating  In  the  gun  region. 

Miller  has  reported  a  series  of  distribution  measurements,  made 
with  the  electrode  configuration  shown  in  Fig.  3-32.  These  measureoients 
were  made  for  numerous  values  of  the  scaling  parameter.  In  all  his 
measurements  the  cathode  was  space-charge  limited  with  essentially  a 
constant  value  of  cathode  current.  The  essential  feature  of  these 
measurements  Is  that  under  almost  all  circumstances  maximum  sole  current 
was  intercepted  by  the  first  few  sole  segments,  and  smaller  ciirrenta 
were  noted  for  all  of  the  remaining  segments.  It  should  be  noted  that 
while  the  electrode  system  used  In  these  measurements  employed  a  conven¬ 
tional  French  short  gun,  much  of  the  data  was  taken  for  smaller  values 
of  the  scaling  parameter  than  the  design  figure  for  the  gvin.  Thus, 
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•  5**^3 — Trochotron  sole  current  distribution  obtained  by  Astrom. 


the  space-charge  free  trajectories  in  the  gun  were  not  half-cycloidal, 
but  consisted  of  many  very  tight  cycloidal  loops  which  approximately 
followed  the  equipotential  lines  from  the  cathode  into  the  drift  region. 
Miller  then  correlated  the  high  sole  current  measured  at  low  values  of 
the  scaling  parameter  with  possible  "electron  trapping"  in  the  potential 
well  between  the  cathode  and  the  sole-circuit  space  (Fig.  ^.32).  This 
observation  is  in  agremnent  with  the  measured  sole  current  distribution, 
since  if  the  energy  exchange  mechanism  responsible  for  the  excessively 
energetic  sole  electrons  were  to  occur  in  this  region,  it  is  to  be 
expected  that  the  maximum  sole  current  would  be  collected  in  the  first 
portion  of  the  drift  region.  But  in  view  of  the  fact  that  large  sole 
currents  have  been  observed  in  geometries  (including  the  present  long 
gun)  different  from  Miller's  and  where  no  such  potential  wells  exist, 
it  would  seam  that  such  a  mechanism  could  at  best  be  only  partially 
responsible  for  the  observed  sole  current  phenomenon,  although  it  may 

well  have  accovinted  for  the  differences  between  our  results  and  those 

« 

of  Astrom,  as  CQmi>ared  to  Miller's  results. 

,d-vi).  Temperature  of  the  Electrons  Collected  by  the  Sole.  During 

the  course  of  these  experiments,  numerous  measurements  of  sole  current 

as  a  fxmction  of  negative  sole  voltage  were  made  under  various  conditions 

in  the  drift  region,  and  for  different  geometries.  Such  data  exhibited, 

in  many  cases,  an  approximately  Maxwellian  velocity  distribution,  although 

freqvtent  departures  from  this  dependency  were  also  noted.  When  the 

velocity  distribution  was  approximately  Maxwellian,  equivalent  electron 

temperatures  of  10-100  volts  (*-  10^0  were  noted.  This  value  is  in 

^  8  13 

agreement  with  the  results  of  previous  workers.  '  ^  The  particular 
objective  of  these  present  measurements  was  to  look  for  any  possible 
dependency  of  the  temperature  of  the  sole  electrons  on  the  conditions 
v;hich  in  the  previous  experiments  have  been  found  to  influence  the 
magnitude  of  the  sole  current. 

In  Figs.  and  3.^3,  results  of  temperature  measurements  made 

with  the  modified  segmented  sole  are  shown.  The  data,  plotted  on  a 
semllogarlthmlc  scale,  show  current  Intercepted  by  certain  sole  segments 
as  a  function  of  the  potential  applied  to  these  segments.  Measurements 
were  made  for  each  segment  separately,  all  other  segments  being  held  at 


Sole  segment  current 


Sole  segment  potential  (volts) 

FIG.  5-^^“-Sole  current  intercepted  by  segments 
1,2,3  and  5  as  a  function  of  their 
potential. 
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FIG.  5»^5*“Sole  current  intercepted  by 
segments  2,  3,  and  5  as  a 
function  of  their  potential. 
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zero  potential.  For  these  measurements,  the  values  of  d  and  A  were 

.100  in.  and  sole  .The  two  figures  shnw  this  data  for  two  different  values 

of  circuit  voltage,  the  purpose  being  to  illustrate  the  effect  of 

changing  the  drift  region  scaling  parameter.  We  see  that  these  curves 

are  approximately  half -Maxwellian.  The  equivalent  electron  temperature 

T  obtained  from  the  slope  of  the  curves  and  expressed  in  volts  is 
eq 

shown  for  each  set  of  points. 

We  see  in  Fig.  5*^^  that  the  saturation  phenomena  found  in  the 
sole  current  distribution  measurements  also  appear  in  the  temperature 
measurements.  Thus  the  second  sole  segment  Intercepts  the  highest 
temperature  electrons  as  well  as  the  greatest  fraction  of  the  total  sole 
current.  Note  particxilarly  the  relatively  low  temperature  associated 
with  the  first  segment.  Figure  5*^5,  when  compared  with  the  previous 
figure,  illustrates  the  effect  of  increasing  the  drift  region  scaling 
parameter.  The  temperature  associated  with  the  second  segment  is  seen 
to  be  greatly  reduced,  while  those  of  the  third  and  fifth  segments  have 
changed  considerably  less.  No  current  was  intercepted  by  the  first 
segment . 

It  was  generally  noted  that  Increasing  ,  and  hence  the  scaling 

parameter,  additionally,  did  not  significantly  reduce  the  temperatures 

measured  with  the  sole  segments  farthest  from  the  cathode.  Thus  with 

“3  2 

the  scaling  parameter  equal  to  5«55  x  10  ^  v/gauss  ,  no  sole  current 
was  intercepted  by  the  first  three  segments,  yet  equivalent  temperatvires 
of  approximately  20  volts  were  measured  at  the  fifth  and  sixth  segments. 

Throughout  all  such  measurements,  it  was  observed  that  as  the 
scaling  parameter  is  Increased,  the  position  of  the  segment  at  which 
the  maximum  beam  temperature  is  measured  tends  to  shift  in  a  direction 
away  from  the  gun.  Similar  behavior  was  noted  earlier  in  the  variation 
in  position  of  the  segment  collecting  the  maximum  amount  of  sole  current. 

It  should  be  noted  that  these  results  must  be  used  with  caution, 
for  the  same  reasons  as  were  given  in  section  d-v  in  connection  with 
the  distribution  measurements.  Also  the  error  introduced  by  secondary 
emission  from  the  sole  should  again  be  mentioned. 

Temperature  measurements  were  also  made  for  the  entire  beam,  using 
the  continuous  sole  plate.  Typical  results  are  shown  in  Fig. 
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FIG.  5-46--Total  sole  current  as  a  function 

of  sole  potential  for  the  continuous 


Here  we  show  current  intercepted  by  the  entire  sole  as  a  function  of 

negative  sole  voltage  for  three  values  of  ,  and  each  of  these  for 

two  values  of  the  scaling  parameter.  It  should  be  noted  that  for  a 

particular  set  of  points,  0  was  varied  along  with  0  ,  so  as  to 

cx  s 

keep  (0^^  "  ^  constant.  For  each  value  of  ,  0^  was  fixed 

at  the  design  value. 

A  number  of  aspects  of  these  curves  are  noteworthy.  Increasing 
the  scaling  parameter  has  the  effect  of  lowering  the  measured  beam 
temperature.  For  all  values  of  B^  for  the  smaller  of  the  two  values 
of  the  scaling  parameter,  the  equivalent  beam  temperature  is  of  the 
order  of  80  volts,  a  somewhat  larger  value  than  was  measured  with  any 
particular  portion  of  the  segmented  sole.  An  additional  observation 
regarding  these  data,  which  has  no  apparent  precedent,  is  the  tendency 
for  the  cxirves  to  be  increasingly  non-Maxwellian  for  increasing  values 
of  Bq  .  This  tendency  is  seen  for  both  values  of  the  scaling  parameter. 

Similar  measurements  made  under  temperature-limited  conditions 
at  the  cathode  showed  no  great  change  in  beam  temperature,  although  a 
decrease  in  this  qmntity  was  noted  for  a  decrease  in  beam  current, 
either  as  a  result  of  temperatvire-limiting  or  decreasing  the  potential 
of  the  gun  anode,  all  other  conditions  remaining  constant. 

e.  Visual  Observations.  Viewed  at  a  pressure  of  8  x  lO"^  Torr, 
the  beam  from  the  long  g\in  appeared  to  be  considerably  thicker  at  the 
exit  plane  than  is  predicted  by  the  gun  theory.  Thus,  while  the  design 
method  predicts  a  beam  thickness  of  approximately  .002  in.  at  the  exit 
plane,  a  thickness  of  about  .OlOiru^vas  measured  using  a  micrometer  tele¬ 
scope.  As  a  result  of  close  electrode  spacing  and  reflection  of  cathode 
glare,  it  was  not  possible  to  accurately  examine  the  shape  of  the  beam 
in  the  gun,  but  it  was  determined  that  with  the  gun  parameters  at  the 
design  values,  the  beam  was  ejected  from  the  gun  approximately  centered 
in  the  space  between  the  focusing  electrode  and  the  anode  as  would  be 
expected  from  the  theory. 

The  reasons  for  the  apparent  increase  in  beam  thickness  are  numerous. 
The  thickness  of  the  beam  as  predicted  by  theory  approaches  the  limit 
of  accuracy  of  the  beam  viewing  technique  (~  .0CX)4  in.  as  estimated  by 
Wightman^^).  We  would  also  expect  beam  spreading  as  a  result  of  dc 


thermal  effects  at  the  cathode.  Probably  the  most  important  contributing 

factor  to  the  increased  thickness,  however,  is  rf  growth  in  the  gun. 

It  was  noted  that  the  beam  thickness  Increases  rapidly  in  the  drift 
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region  for  small  values  of  the  scaling  parameter  (<  3  x  lO""^  v/gauss  ); 
and  since  the  gun  scaling  parameter,  although  varying  as  a  function  of 
position,  is  always  less  than  this  magnitude,  there  is  every  reason  to 
assume  that  such  growth  exists  in  the  gun  region  as  well  (see  section 
f-i). 

In  Fig.  5.^7  we  show  beam  thickness  as  measvired  by  means  of  the 
micrometer  telescope  as  a  function  of  the  distance  in  the  drift  region 

from  the  gun  exit  plane.  For  these  measurements,  the  value  of  the 

“3  2 

drift  region  scaling  parameter  was  4.1  x  lo”"^  v/gauss  .  In  the  figure, 

(6  -  &q)  ,  the  increase  in  beam  thickness  over  the  value  at  the  g\in  exit, 

is  plotted  on  a  semllogarlthmic  scale  as  a  function  of  the  distance 

in  inches  from  the  exit  plane.  We  note  a  slight  tendency  toward  saturation 

after  a  distance  of  about  3  in.  Converting  the  slope  of  this  curve  to 

power  gain,  we  find  a  growth  rate  of  approximately  500  db/meter,  a 

value,  it  is  Interesting  to  note,  which  is  comparable  to  the  maximum 

5 

value  of  dlocotron  gain  in  the  beam. 

A  series  of  photographs  of  the  beam  are  shown  in  Figs.  5.48  and  5.49. 
Flgxire  5*48  shows  the  beam  with  the  gun  voltage  at  its  design  value 
and  with  the  proper  sole  and  circuit  potentials  to  provide  potential 
and  field  continuity  at  the  exit  plane.  We  see  that  the  beam  is  injected 
so  that  it  undulates  slightly  in  the  drift  region,  although  the  amplitude 
of  these  undulations  is  less  than  the  beam  thickness.  The  Increase 
in  beam  thickness  and  the  tendency  for  the  undulations  to  become  blurred 
out  can  be  seen  by  following  the  beam  away  from  the  g\ui,  in  a  direction 
from  left  to  right  in  the  photograph.  The  cloudy  area  on  the  underside 
of  the  beam  is  thought  to  be  caused  by  ion  current  being  drawn  to  the 
sole.  In  the  original  color  photographs,  this  area  was  much  less  Intense 
and  of  a  slightly  different  color  than  the  beam  itself.  Figure  5 •48b 
shows  the  beam  under  the  same  conditions  as  for  the  first  photograph 
except  that  the  negative  sole  potential  is  increased  by  50  volts.  The 
amplitude  of  the  undulations  appearing  in  (a)  is  seen  to  be  decreased 
as  a  result.  It  is  thought  that  these  undulations  are  at  least  partially 
caused  by  the  small  injection  angle  at  the  gun  exit. 
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Figures  5.U8c  and  d  show  the  beam  with  the  gun  anode  potential  lit 
per  cent  below  and  above  the  design  value,  respectively.  We  see  that 
in  the  former  case,  the  beam  In  the  drift  region  is  actually  stralghter 
than  for  (a).  However,  the  undulation  amplitude  in  (d),  while  larger 
than  in  (a),  is  still  relatively  small.  Noting  that  the  lU  per  cent 
variation  in  results  in  a  corresponding  30  per  cent  change  in 
cathode  current,  we  concluded that  varying  provides  a  convenient 

means  of  controlling  without  greatly  altering  the  shape  of  the 

beam. 

Figure  5.^9  a,b,c,d  shows  the  effect  of  increasing  the  scaling 
parameter  on  the  appearance  of  the  beam.  The  sole  and  circuit  potentials 
are  increased  proportionally  in  (b)  through  (d).  In  addition  to  the 
slight  decrease  in  ripple  amplitude  for  the  larger  scaling  parameters, 
we  see  that  the  tendency  for  the  beam  to  thicken  from  left  to  right, 
which  is  quite  evident  in  (a)  and  (b),  is  almost  completely  absent  in 
(d)  for  the  largest  value  of  the  scaling  parameter.  At  this  same  time, 
the  sole  current  is  seen  to  essentially  vanish  for  both  (c)  and  (d). 

It  is  thus  possible  to  correlate  the  measurement  of  sole  current  with  a 
visually  observed  increase  in  beam  thickness  as  the  beam  flows  through 
the  drift  region;  moreover,  both  phenomena  are  seen  to  diminish  with 
increasing  values  of  the  scaling  parameter. 

f.  Miscellaneous  Experiments.  Two  additional  experiments,  both 
involving  modification  of  the  basic  geometry  of  the  original  long  gun 
optics,  shown  in  Fig.  5*28,  were  performed.  The  object  of  these  experi¬ 
ments  was  to  investigate  the  effect  on  the  magnitude  of  the  observed 
beam  instability,  as  evidenced  by  the  sole  current,  of  variation  in  the 
distance  over  which  the  berm  is  accelerated.  In  the  first  experiment 
the  slow  acceleration  of  the  gun  was  extended  from  the  gun  into  the 
entire  drift  region  by  gradually  decreasing  the  sole-circuit  spacing 
with  increasing  distance  from  the  gun  exit.  In  the  second  experiment 
the  transit  angle,  as  measured  by  u  =  cu^t  ,  of  electron  trajectories 
in  the  gun  was  reduced  by  moving  the  gun  exit  plane  closer  to  the  cathode. 
In  this  latter  case  the  beam  was  accelerated  somewhat  more  rapidly 
than  in  the  gun  ns  originally  designed.  The  effect  of  this  modification 
on  the  beam  instability  was  then  investigated. 


(i^  Adiabatic  Acceleration  In  the  Drift  Region.  In  this  experiment, 
the  approximate  conditions  of  the  long  gun  were  extended  by  tapering 
the  spacing  of  the  sole  and  circuit  electrodes  so  as  to  provide  a  continually 
increasing  transverse  electric  field  in  the  drift  region. 

This  experiment  was  performed  because  of  several  earlier  observations 
which  tended  to  indicate  a  relatively  stable  beam  in  the  gun  where  it 
is  slowly  accelerated.  These  observations  included:  (l)  the  cutoff 
measurements  of  section  b  and  the  visual  appearance  of  a  sharply  defined 
beam  at  the  gun  exit  plane,  (2)  the  absence  of  any  substantial  current 
to  the  forward  focusing  electrode  (equivalent  to  sole  current  in  the 
drift  region),  and  (3)  the  relatively  small  sole  currents  measured  in 
the  portion  of  the  drift  region  closest  to  the  gun.  On  the  basis  of 
these  observations,  it  was  decided  to  extend  the  region  of  acceleration 
into  the  entire  drift  region  as  a  possible  means  of  achieving  greater 
beam  stability. 

From  the  original  flow  equations  for  the  long  gun, 

u^ 

X  =  Xq  +  I  (5.5a) 

Y  =  u  (5.5b) 

Ey  =  u  ,  (5.5c) 

we  see  for  =  0  that 

Ey  =  Vix  .  (5.6) 

From  the  family  of  equipotentials  shown  in  Fig.  U.4,  we  see  moreover 
that  for  large  positive  values  of  X  the  electrode  curvature  becomes 
very  small.  Thus  it  should  be  possible  to  approximately  "continue*’ 
the  gun  in  the  drift  region  by  means  of  a  linear  variation  in  the  sole- 
circuit  spacing  d  ,  and  as  a  result  to  provide  continuous  and  gradual 
acceleration  of  the  beam  in  the  drift  region. 

The  electrode  configuration  with  the  appropriate  electrode  potentials 
for  a  given  value  of  magnetic  field  is  shown  in  Fig.  5-50.  The  placement 
and  the  value  of  potential  applied  to  the  circuit  are  determined  by: 

(1)  the  total  length  of  the  drift  region,  (2)  the  linear  normalization 
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factor  T)J ,  (3)  the  requirements  of  field  and  potential  continuity 
at  the  gun  exit  plane,  (4)  the  requirement  that  the  beam  not  strike 
the  circuit  at  the  collector  end  of  the  drift  region,  and  (5)  that  E 

y 

shall  satisfy  Eq.  (5-6)  at  the  end  of  the  drift  region  where  X  repre¬ 
sents  the  total  normalized  distance  from  the  center  of  the  cathode. 

For  this  experiment  the  gon  configuration  was  unchanged. 

Experimentally,  the  electrode  system  appeared  to  be  functioning 
essentially  as  designed.  The  circuit  was  positioned  so  as  to  be  Just 
above  the  top  of  the  beam  at  the  end  of  the  drift  region.  With  the 
design  voltage  applied  to  the  circuit  no  circuit  current  was  seen,  but 
for  values  of  0^^  slightly  above  the  design  potential,  a  sizable 
fraction  of  the  total  beam  current  was  intercepted  by  the  circuit, 
implying  that  the  beam  was  beginning  to  graze  this  electrode. 

However,  no  significant  reduct'.on  in  sole  current  was  obtained  with 
this  configuration  as  compared  with  the  original  optical  system.  More¬ 
over,  when  the  modified  configuration  was  used  in  conjunction  with  the 
segmented  sole,  no  great  change  in  sole  current  distribution  was  noted 
from  the  earlier  results. 

These  results  imply  that  the  crossed-fleld  instability  exists  and 
is  of  the  same  order  of  magnitude  in  accelerated  as  well  as  freely 
drifting  electron  streams,  provided  that  the  acceleration  is  sufficiently 
slow  or  adiabatic.  It  might  be  expected  therefore  that  the  effects  of 
such  instability  would  build  up  over  the  rather  long  electron  transit 
times  associated  with  the  long  gun.  The  object  of  the  following  experi¬ 
ment  therefore  was  to  investigate  the  validity  of  this  speculation. 

(li).  Reduction  of  the  Gun  Transit  Angle.  In  this  experiment 
the  exit  plane  of  the  gun  was  moved  considerably  closer  to  the  cathode 
than  originally,  and  in  effect,  the  transit  time  in  the  gun  alone  was 
reduced  by  approximately  one-half. 

This  modification  was  effected  by  removing  the  last  portion  of  the 
gun  electrodes  and  extending  the  sole  and  circuit  electrodes  into  the 
vacant  area.  The  modified  electrode  configuration  and  a  comparison  of 
the  exit  parameters  of  the  modified  gun  with  those  of  the  original 
design  are  shown  in  Fig.  5. 51*  As  shown,  a  rather  long  ga,p  (.100  in.) 
exists  between  the  end  of  the  gun  anode  and  the  circuit.  The  purpose 
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of  this  gap  was  to  provide  a  fringing  field  to  accelerate  the  beam  from 
the  exit  velocity  to  the  drift  region  velocity  faster,  in  terms  of 
number  of  cyclotron  wavelengths,  than  in  the  original  r;un,  yet  not  as 
abruptly  as  if  the  gap  were  not  present.  We  see  that  the  gap  is  slightly 
greater  than  of  the  beam  at  the  exit  plane.  The  total  acceleration 
time,  expressed  in  terms  of  the  transit  angle  from  the  cathode  into 
the  drift  region  is  then  ro\ighly  about  10.8  n  as  compared  to  l4  n  for 
the  original  gun. 

Exi)erimentally,  the  results  of  these  modifications  were  not  extremely 
conclusive,  although  some  evidence  was  found  to  indicate  a  reduction 
in  the  effects  of  the  instability.  As  a  result  of  the  electrode  con¬ 
figuration  at  the  giin  exit,  it  was  not  possible  to  make  measurements 
of  sole  cxirrent  which  could  be  compared  directly  with  data  obtained 
with  the  original  long  gun,  such  as  that  shown  in  Pig.  5*36.  Instead, 
the  following  procedure  was  adopted:  With  a  given  value  of  magnetic 
field,  and  for  the  gun  voltage  at  its  design  value,  the  sole  and  circuit 
potentials  were  adjusted  to  obtain  as  straight  a  beam  as  possible,  at 
the  same  time  maintaining  an  arbitrarily  specified  value  of  normalized 
sole  current.  The  values  of  f>  .  and  P  so  obtained  were  then  com- 
pared  with  the  corresponding  values  obtained  with  the  earlier  gun,  also 
under  linear  beam  conditions,  and  for  the  seme  value  of  I  /I  .  As 
a  general  rule  such  comparisons  showed  roughly  similar  values  of 
but  noticeably  smaller  values  of  negative  sole  voltage  for  the  shortened 

^  *3 

gun.  For  example,  for  I  /I  =  10  ,  the  values  of  p  .  and  P 

were  found  to  be  l600  v  and  -  65  v,  respectively.  For  the  original 
version  of  the  gun  the  corresponding  values  were  1560  v  and  -  180  v. 

For  these  conditions,  the  total  number  of  becan  cyclotron  wavelengths  in 
the  drift  region  was  approximately  23  for  the  modified  gun  as  compared 
to  20.5  for  the  original  geometry.  We  see  that  for  equal  values  of 
normalized  sole  current  that  almost  three  times  as  much  negative  sole 
potential  was  required  for  the  beam  from  the  original  gun  than  from 
the  shortened  one,  even  though  the  latter  beam  was  more  cyclotron  wave¬ 
lengths  long.  Similar  comparisons  were  noted  for  smaller  values  of 
and  larger  sole  currents. 


On  the  basis  of  this  experiment,  It  Is  not  possible  to  conclude 
that  the  long  transit  time  of  the  trajectories  in  the  gun  was  alone 
responsible  for  the  observed  beam  Instabilities,  yet  the  evidence  does 
seem  to  point  in  this  direction.  It  is  felt  that  additional  and  more 
clearcut  experiments  of  this  type  are  now  necessary. 


VI.  CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FURTHER  WORK 


In  this  chapter  the  significant  results  of  the  experiments  described 
in  the  previous  chapter  are  summarized, and  some  suggestions  for  possible 
further  investigations  are  presented.  In  discussing  the  experiments  we 
will  consider  the  two  guns  which  have  been  studied,  both  from  the  point 
of  view  of  verification  of  the  design  theory  and  in  terms  of  their 
potential  utility  in  practical  devices.  In  addition  we  will  point  out 
some  conclusions  which  may  be  drawn  from  the  experiments  regarding  the 
problem  of  crossed  field  instability  and  briefly  indicate  some  possible 
further  experiments  and  theoretical  work  in  this  area. 

A.  CONCLUSICWS  AND  RECOMMENDATIONS  REGARDING  THE  GUNS 

On  the  basis  of  the  experiments  described  in  sections  (C-3-a)  and 
(D-3-a)  of  Chapter  V  we  concluded  that  the  present  design  method  is 
successful  insofar  as  it  provides  a  means  of  analytically  designing  con¬ 
vergent  crossed-field  guns  which  in  practice  provide  the  current  predicted 
by  theory.  Experimentally,  both  guns  were  found  to  have  an  order  of 
magnitude  convergence  of  ten  to  one,  a  value  somewhat  smaller  than  pre¬ 
dicted  on  the  basis  of  the  exact  space-charge  flow  solutions. 

The  short  gun  which  was  studied  produced  a  reasonably  well-defined 
beam  which  was  found  to  be  free  of  excessive  sole  current  and  which  is 
seemingly  a  better  approximation  to  planar  Brillouin  flow  than  has  here- 
tofore  been  achieved.  Anderson  has  reported  noise  measurements  made 
with  a  crossed-field  backvraird  wave  amplifier  incorporating  a  short  gun 
similar  to  ours  and  based  on  the  same  design  method.  His  results  show 
noise  figures  comparable  to  O-type  tubes  before  noise  reduction  methods 
are  employed.  The  short  gun  as  it  now  stands  is  thus  capable  of  practical 
application  and  represents  a  significant  improvement  over  previous  guns. 

As  has  already  been  noted,  it  is  possible  that  the  performance  of 
this  gun  might  be  further  improved  by  better  matching  at  the  exit  plane 
and  some  additional  work  in  this  area  might  well  prove  useful.  Also  a 
more  comprehensive  set  of  noise  measurements  relating  noise  to  various 
beam  parameters  is  needed.  Finally  scxne  attention  might  be  given  to  the 
role  of  thermal  velocities  at  the  cathode. 
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As  far  as  the  dc  aspects  of  the  long  gun  are  concerned,  theory 
and  experiment  appear  to  be  In  good  agreement.  As  a  result  of  the 
appearance  of  the  excessive  sole  current  In  the  beam  from  this  gun.  Its 
potential  utility  Is  perhaps  not  so  clearly  established  as  is  that  of  the 
short  gun.  Yet  we  have  shown  experimentally  that  it  is  possible  to 
achieve  a  beam  from  this  g\m  which  is  almost  ccxnpletely  free  from  sole 
current  and,  as  it  might  be  supposed,  is  relatively  noise  free  as  is  the 
short  gun  beam.  Clearly  a  complete  set  of  noise  measurements  would  also 
be  useful  here  although  since  high  noise  and  excessive  sole  current  are 
probably  manifestations  of  the  same  phenomenon,  the  existence  of  one  very 
likely  implies  the  other.  In  addition  the  effect  of  thermal  velocities 
at  the  cathode  should  be  considered  in  more  detail  than  in  the  present 
work. 

It  may  well  be  possible  to  reduce  the  effect  of  the  Instabilities 
associated  with  the  long  gun  by  means  similar  to  those  described  in 
Chapter  V, section  (D-3-f-ii).  Thus  the  exact  analytic  electrode  shapes 
might  be  used  as  an  initial  focusing  element  to  take  the  beam  out  of  the 
immediate  area  of  the  cathode.  A  transition  region  employing  much  more 
abrupt  acceleration  than  the  analytic  electrodes  would  then  be  used  to 
increase  the  beam  velocity  to  the  final  desired  value.  Undulations  which 
might  be  Introduced  onto  the  beam  in  this  area  could  be  removed  by  means 
described  in  Appendix  D.  This  could  be  accomplished  in  the  same  transition 
region.  By  this  means  we  believe  a  well-focused  and  reasonably  stable 
beam  could  be  achieved. 


B.  CONCLUSIONS  AND  RECOMMENDATIONS  REGARDING  CROSSED- FIELD  INSTABILITIES 

On  the  basis  of  the  measurements  described  in  Chapter  V  (section 
D-3-d,f)  the  following  statements  can  be  made  regarding  crossed-field 
instabilities  as  evidenced  by  excessive  sole  current: 

1.  The  source  of  the  instability  is  to  be  found  near  the  cathode 
and  is  probably  associated  with  the  formation  of  a  potential  minimum  as 
a  result  of  space-charge  limiting  (Chapter  V,  parts  d-iii,  d-iv,  d-v, 

2.  The  instability  results  from  the  growth  of  the  above  disturbance 
along  the  beam.  Such  growth  exists  both  on  the  freely  drifting  portion 
of  the  beam  (d-v)  and  on  a  slowly  accelerated  stream  (f-i).  Whether 

— Tin - 

'These  designations  refer  to  subsections  of  section  D-3  in  Chapter 
V  which  describe  the  relative  experiments. 
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this  growth  occurs  in  the  body  of  the  beam  or  along  its  boundaries  is  still 
open  to  question.  Evidence  obtained  in  (d-ii)  tends  to  indicate  that 
a  majority  of  the  excess  energy  electrons  in  the  beam  are  to  be  found 
near  the  edges, although  the  increase  in  beam  thickness  (e)  as  correlated 
to  the  sole  current  distribution  \;ould  indicate  a  growth  in  the  stream 
body. 

3.  The  total  sole  current  is  found  to  scale  with  the  total  number 
of  cyclotron  wavelengths  in  the  beam.  This  observation  points  up  the 
need  in  any  crossed-field  optical  system  for  quick  acceleration  from  the 
cathode  and  for  keeping  the  total  transit  angle  (u^t  as  small  as  possible, 
fti  this  basis  it  is  also  possible  to  explain  the  relative  stability  of 

the  short  gun  beam,  since  the  total  transit  angle  from  the  cathode  to  the 
collector  in  this  case  was  roughly  equivalent  to  that  for  the  gvin  alone 
I'i  the  long  gun  optics. 

4.  The  growth  of  the  instability  is  not  critically  dependent  upon 
the  shape  of  the  beam,  i.e.,  whether  for  a  given  value  of  it  is 
rectilinear  or  trochoidal  (d-v). 

5.  Some  evidence  of  growth  in  electron  temperature  along  the  beam 
was  found  (d-vl),  although  these  measurements  are  somewhat  open  to 
question. 

It  may  be  added  that  the  observed  growth  along  the  beam  is  almost 
certainly  related  to  slipping  stream  or  diocotron  amplification,  although 
in  the  case  of  nonlamlnar  flow  the  actual  mechanism  is  of  necessity  more 
complex  than  this  simple  model. 

In  conclusion,  two  possible  areas  of  further  work  should  be 
mentioned: 

A  theoretical  analysis  of  "diocotron  like"  growth  along  an  adiabatlcally 
accelerated  stream,  the  result  of  which  could  be  compared  with  freely 
drifting  diocotron  growth  rates,  would  be  of  considerable  interest.  This 
problem  could  perhaps  be  attacked  using  a  perturbation  method  somewhat 
along  the  lines  of  the  W.K.B.  approximation. 

Experimentally,  the  problem  of  overcoming  the  instabilities  inherent 
in  the  crossed-field  beam  would  seem  to  be  a  matter  either  of  reducing 
the  growth  rate  along  the  stream  or  somehow  removing  the  source  disturbance 
close  to  the  cathode.  On  the  basis  of  the  present  work,  the  former 
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approach  has  been  shown  to  be  a  useful  one;  however,  the  latter  nay 
ultlnately  provide  the  more  satisfactory  solution.  One  means  of  achieving 
this  end  would  be  the  use  of  a  temperature  limited  cathode.  However, 
in  addition  to  the  undesirable  loss  of  current,  in  practice  it  is  often 
difficult  to  achieve  uniform  temperature  limiting  over  the  entire  cathode 
surface;  thus  it  would  be  difficult  to  completely  eliminate  the  effect 
of  the  potential  minimum  without  going  to  very  low  current  densities. 

One  alternative  is  the  shielded  r  .1' ‘  ''  >^as  no  magnetic  field  at  the 
potential  minimum.  Another  possibility  is  a  gun  wiui.  ""id  located  very 
close  to  the  cathode  in  the  vicinity  of  the  potential  minimum.  We 
suggest  that  both  of  these  devices  are  worthy  of  further  investigation. 
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APPENDIX  A 


A  DC  SMALL  SIGNAL  FIELD  ANALYSIS  OF  A  THIN  UNDULATING  CROSSED-FIELD  BEAM 


Consider  a  thin  undulating  crossed  field  beaita  in  the  geometry 
shown  in  Fig.  A.l.  All  quantities  are  assumed  to  have  no  explicit  time 
dependence  and, moreover,  all  perturbed  quantities  are  assumed  small  and 
only  first  order  effects  will  be  considered.  In  the  unperturbed  state 
the  beam  Is  situated  In  the  plane  y  =  y^  .  The  undulations  are  assumed 
to  result  from  Improper  Injection  optics  of  the  type  mentioned  In  Chapter 
II,  although  this  assumption  Is  In  no  way  essential  to  the  analysis. 
Finally,  all  perturbed  quantities  are  assumed  to  have  an  x  dependence  of 
the  form  e"*^^  . 

In  evaluating  the  si>ace  charge  fields  of  the  undulating  beam  we  shall 

34 

follow  the  method  of  Buneman.  Thus  If  the  coordinates  of  a  small  element 
of  the  unperturbed  beam  are  given  by  x  =  x^  y  =  yQ  »  in  the  perturbed 
beam  this  same  element  has  the  coordinates  x  =  x^^  +  x^  ,  y  =  y^  +  y^  . 

If  the  amplitude  of  the  undiilatlon  is  'small  so  that  (dyj^)/(dx)  «  1  , 
Bvineman  shows  that  the  discontinuity  in  the  x  and  y  components  of 
electric  field  across  the  undulating  beam  may  be  written  as 


E 

X 


(A.  la) 


E 

y 


(A.  lb) 


where  the  superscripts  +  and  -  indicate  fields  above  and  below  the 
beam,  respectively, and  where  is  the  unperturbed  surface  charge  density 
of  the  sheet  beam. 

+  + 

The  ratios  of  E“  :  E,  above  and  below  the  beam  are  determined  by 
the  external  electrode  configuration.  The  fields  in  these  regions  must 
be  derivable  from  seijarate  scalar  potentials  which  satisfy  Laplace's 
equation  and  which  vanish  at  the  boundary  electrodes.  We  write  these 
potentials  above  and  below  the  beam  as 

0'*’  =  sinh  P(y  -  d)  (A. 2a) 
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and 


(A.2b) 


f  =  ^2  Blnh  py  , 

where  0^  and  0^  inclxide  constant  terms  and  the  assumed  x  dependency. 
The  corresponding  components  of  electric  field  in  these  regions  are 


E 


=  +  slnh  p(y  -  d) 

(A.3a) 

=  -  P0j^  cosh  p(y  -  d) 

(A.3b) 

E“  =  +  JP02  slnh  py 

(A. 3c) 

E"  =  -  P02  cosh  py  . 

(A.  3d) 

Inserting  these  relations  evaluated  at  the  beam  Into  Eq.  (A.l)  and  solving 
for  0^  and  0^  results  in  (hereafter  the  dependency  will  not  be 
explicitly  written) 


01 -- 


slnh  pd 


(y^  cosh  py^  +  Jx^^  slnh  Py^^)  (A.Jta) 


0  - - [yj^  cosh  p(y  -  d)  +  jx^^  slnh  pCy^  -  d)]  .(A.4b) 

slnh  pd 


If  the  components  E  and  E  of  the  mean  field  acting  on  the  beam  are 

X  y 

tedcen  as 


E  =  4  (E'^  +  E") 

X  ^  X  X 


E  =  4  (E"^  +  E")  , 

y  y  y 


(A.5a) 
(A.  5b) 


we  obtain^ for  the  mean  field  components, 


E  =  - 

X 


E  =  + 

y 


|yj^  slnh  P(2yp  -  d)  +  J2x^  slnh  Py^  slnh  p(yQ  -  d)l 

(A. 6a) 

— 2 -  jgy  cosh  P(y  -  d)  cosh  py  +  Jx  slnh  P  (2y  -  d)}  . 

slnh  pd  I  ^  u  X  1 


2€q  slnh  pd 


2€, 


(A.  6b) 
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For  convenience  we  will  write  these  as 


\  =  JpAyj^  +  pBx^ 

(A. 7a) 

Ey  =  PCyj^  +  Jpnx^  , 

(A.Tb) 

where 

0  slnh  P(2y^  -  cl) 

-  D  =  A  =  -  °  ® 

2e^  slnh  pd 

(A.8a) 

^  ^  (A.&) 

Cq  slnh 

c  .  !g  ,  (A.8C) 

slnh  ^ 


The  linearized  equations  for  the  perturbed  motion  of  the  beam  ma^  then 
be  written  as 


“  *  ‘“c^l  *  +  ®^i) 

Fl  =  -  +  ni^i  +  JDpx^) 


(A.9a) 

(A.9b) 


where 
In  the 
moving 
P  0) 


d/dt  =  -  JVqP  ,  and  where  v^  Is  the  average  electronic  speed 
beam.  The  differentiation  Is  thus  performed  In  a  coordinate  system 
with  velocity  v^  .  Equations  (A. 9)  may  then  be  written  (assuming 


f 

(qB  +  VqS)Xj^  ♦  J(-  +  qA)y^  =  0 


(A. 10a) 


(A.  10b) 


The  vanishing  of 
equation  for  the 

2 

P  +  P  —2 


the  determinant  of  these  two  equations  gives  the  dispersion 
system 


nP- 

(C  +  B)  +  — I  (A  - 
^0 


D) 


2 

T] 

+  “T 
^0 


(AD  +  BC)  -  p  =  0  .  (A.ll) 
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Each  of  the  quantities  A  ,  B  ,  C  ,  D  defined  by  Eq.  (A. 8),  when 
multiplied  by  (ti)/(Vq  )  ,  is  proportional  to  6  .  Since  in  the  thin 
beam  approximation  this  quantity  must  be  small  with  respect  to  ,  and 
since  the  geometrical  quantities  appeaitlng  in  Eq.  (A. 8)  are  all  of  order 
unity,  ve  shall  Ignore  the  fourth  term  of  Eq.  (A. 8)  which  is  of  second 
order.  In  addition,  since 

sinh  P(2y^  -  d) 

-1< - - - <  +  l  , 

”  sinh  pd  ” 


it  follows  that 


l(D  -  A) 


<  «  Pc 


f 


and  as  a  result,  that  the  sm  of  the  third  and  fifth  terms  of  Eq.  (A.  11) 

(22) 

is  always  negative,  and  hence  that  p  can  assvme  only  real  values.  ' 
Having  established  the  nature  of  its  roots,  we  shall  examine  some 
approximate  solutions  of  Eq.  (A.ll).  If  all  space-charge  terms  are 
neglected,  we  obtain  the  roots 

P  =  ± 


as  expected. 

With  the  first  order  space-charge  terms  present,  Eq.  (A.ll)  may  be 
written  as 


cosh  p(2y  -  d)  sinh  p(2yo  -  d) 

+  p  P - Si -  +  P  P /b  - Si - P /  =  0 


sinh  pd 


sinh  pd 


(A.13) 

We  shall  first  consider  the  solutions  to  this  equation  for  two 
special  geometries: 

(l)  Ihe  sole-circuit  separation  is  small  with  respect  to  the  beam 


wavelength.  In  this  case 


pd  «  1  , 


— - 

It  may  be  noted  that  this  result  is  still  valid  even  though  the 
second  order  terms  are  present  since  both  of  the  products  AD  and  BC 
are  always  negative. 
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and  also 


P(2yQ  -  d)  I  «  1  ; 


hence  we  nay  write  Eq.  (A.  13)  as 


^  + 


r  *  (t  ■  ■  ° 


(A.lll) 


Noting  that  the  third  tenn  of  this  expression  Is  much  smaller  than  the 
second,  we  find  that 


P  -  i  V 


1/2 


(A.  15) 


(2)  The  beam  Is  located  midway  between  the  sole  and  circuit.  In 
this  case  Eq.  (A. 13)  reduces  to 


2  2 

+  - 2 - =  0 

slnh  pi 


(A.16) 


and 


2  slnh  Pgd 


±  P 


-  "^c 


(A.17) 


where  we  have  replaced  P  by  p^  In  the  argument  of  the  hyperbolic  sin  . 

In  the  limit  of  very  large  sole-circuit  separation,  such  that  pd  »  1  , 

(23) 

the  roots  of  Eq.  (A.17)  are  then  given'  '  by  Eq.  (A. 12). 

In  general  the  solutions  of  Eq.  (A. 13)  will  not  differ  by  more  than  a 
small  amount  from  P  =  ^  P^  •  As  a  means  of  obtaining  the  approximate  roots, 
we  nay  replace  P  In  the  arguments  of  the  hyperbolic  sine  and  :oslne 
functions  which  occur  in  Eq.  (A. 13)  by  p  .  The  roots  are  thin  given  by 


2  slnh  P  d 


2P  slnh  P  d 

Kc 


The  Implications  of  these  results  have  been  discussed  in  Chapter  II. 


— [551 - 

The  second  order  terms  which  were  discarded  give  a  very  smallp  p 
correction  even  for  large  d  ;  for  infinite  d  ,  P  =  +  P_(l  +  p  /8p J^). 

w  p  C 
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APPENDIX  B 


APPROXIMATE  EXPRESSIONS  FOR  CATHODE  CURRENT  AS  A  FUNCTION  OF  ANODE  POTENTIAL 

AND  MAGNETIC  FIELD 


From  Figs.  4.3  and  4.4  we  see  that,  for  each  of  the  guns,  the  individual 
equlpotentlals  which  determine  the  shape  of  the  anode  electrodes  are  nearly 
parallel.  It  is  therefore  reasonable  to  assume  that  a  fairly  well-focused 
besm  will  be  ejected  by  a  gun,  even  though  the  anode  potential  is  not  the 
exact  design  value.  In  this  Appendix,  we  show  how  it  is  possible  to 
obtain  expressions  giving  the  approximate  relationship  of  cathode  current 
to  anode  voltsge  and  magnetic  field,  when  either  of  these  latter  quantities 
are  varied  from  the  design  value. 

We  first  consider  the  short  gun  (Fig.  B.l).  If  b  is  the  distance 
in  the  X  direction  from  the  center  of  the  cathode  to  the  exit  plaine,  we 
may  write,  from  Eq.  (4.7),  that  for  the  trajectory  leaving  the  center  of 
the  cathode 


b  = 


nJ, 


€-0)  ' 
0  c 


-  +  cos  %  -  1 

2 


(B.l) 


where  u^  is  the  transit  angle,  in  the  gun,  for  this  trajectory.  In 
addition,  the  transverse  electric  field  at  this  trajectory  at  the  exit 
plane,  is 


(B.2) 


In  order  to  put  these  equations  into  a  reasonable  anedytical  form,  we 
make  use  of  the  approximation 


%- 


2n  (u  -  n) 


(B.3) 


for  Ujj  ~  2Tt  ,  which  is  exact  to  third-order  in  ]  u^^  -  2n  |  .  This 
approximation  is  valid  to  within  about  ten  per  cent  from  Uj^^  =  3/2  it 
to  3it  •  From  Eqs.  (B.l),  (B.2)  euid  (B.3)*  we  obtain  the  result 


J 


y 


be*cD  3 
0  c 

2 

2n  Tj 


+  OJ 

c 


« 


(B.4) 
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Cathode 


FIG.  B.l--Oeainetiy  for  the  calculation  of  the  emission  relations. 


For  the  center  of  the  beam,  at  the  exit  plane,  we  may  write 


(B.5) 


where  h  is  the  separation,  measured  in  the  y  direction,  of  the  anode 
and  focusing  electrode  at  the  exit  plane.  Note  that  this  ai>proximation 
neglects  the  unbalance  of  space-charge  forces  due  to  the  different  amounts 
of  charge  contained  in  those  portions  of  the  beam  above  and  below  the 
center  trajectory.  In  view  of  the  vincertainty  as  to  the  precise  nature 
of  the  beam  close  to  the  exit  plane,  and  the  small  component  of  the  total 
field  due  to  space  charge  we  shall  assume  this  to  be  a  reasonably  valid 
approximation.  Recalling  that  a  negative  current  density  at  the  cathode 
corresponds  to  a  positive  current,  we  find  that 


le-Sj 


(lij. 


«h 


(B.6) 


where  I  is  the  total  beam  current  and  S  the  effective  emitting 
c 

area  of  the  cathode.  We  chopse  to  write  this  expression  as 

,  (B.7) 


where  G  and  H  are  geometrical  constants  given  by  the  relations 


G  = 


SbCQTl 


2n 


(B.8a) 


and  S|ti| 

H  =  - 

nh 


(B.8b) 


For  the  experimental  short  gun,  these  consteunts  have  the  numerical  values: 

-8  3  -6 

G  =  3*^3  X  lO”  amperes/gauss"^  »  H  =  2.64  x  lo"  amperes/gauss  volt. 

These  values  were  used  in  plotting  the  experimental  curves  shown  in  Figs. 

5.11  and  5-12. 
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This  sane  method  may  be  used  to  obtain  a  corresponding  expression 
for  the  long  gun.  For  this  simpler  case,  ve  find  that 


b  = 


t)J  u 

3  ' 

'o“c  2 


(B.9) 


and,  as  before,  at  the  exit  plane.  It  may  le  shown  that 


E-  =  *'  u . 

Oy  ,  d 
03  e. 
c  0 


(B.IO) 


Here,  no  such  approximation  as  Eq.  (B.3)  Is  necessary.  Combining  Eqs. 
(B.9)  and  (B.IO),  we  obtain  the  resxilt 

.2 

(B.ll) 


j  , 

y 


203  b 
c 


Using  Eq.  (B.5)  for  the  exit  plane  field  and  writing  Eq.  (B.ll)  In  terms 
of  the  total  current,  we  find  that 


Sc 


I  = 
c 


om 


203  bh‘ 
c 


(B.12) 


which  we  write  as 


M 


(B.13) 


where 


Sc, 


M  = 


2bh 


(B.l4) 


For  the  experimental  long  gun,  this  constant  has  a  value ^  of  4.28  x  lO'^ 
2 

amperes  gauss/volt  .  This  value  was  used  In  plotting  Figs.  5*23  and  5.24. 


f  2J;)  ”  .I*.  2 

''Phis  value  may  be  compared  with  4.06  x  lO"  amperes  gauss/volt^  , 

the  exact  design  value. 
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APPENDIX  C 


A  METHOD  FOR  IMPROVING  THE  LONGITUDINAL  HOMOGENEITY  OF  THE  EXPERIMENTAL 

MAGNET 

In  this  Appendix,  a  very  simple  method  for  improving  the  uniformity 
of  the  magnetic  field  used  in  the  crossed-fleld  gun  experiments  is 
described. 

A  sketch  of  the  geometry  of  the  magnet  pole  pieces  is  shown  in  Fig. 
0.1.  Before  any  attempts  at  improving  the  field  uniformity  were  made, 

Bq  (in  the  z  direction)  was  foxmd  to  vary  as  a  function  of  the  x-directed 
distance  from  the  center  of  the  pole  faces  shown  in  Fig.  0.2.  The  gun 
and  drift  region  occupy  a  length  of  approximately  7  in.,  and  we  see  that 
the  unmodified  magnet  would  result  in  a  variation  in  B^  of  approximately 
3  per  cent  over  this  distance.  However,  by  the  addition  of  the  four  shims 
shown  in  the  sketch,  the  uniformity  of  field  was  substantially  improved. 

The  variation  in  Bq  after  these  modifications,  is  also  shown  in  Fig.  0.2, 
and  we  now  note  a  variation  in  B^  of  less  than  1  per  cent  over  the  region 
of  interest. 

The  optimum  shape  and  position  of  the  shims  was  determined  by  trial 
and  error,  using  thin  strips  of  soft  iron  to  build  up  the  shims  to  the 
proper  thickness.  Upon  the  satisfactory  completion  of  this  work,  shims 
of  the  proper  size  were  machined  from  a  single  piece  of  material  and 
attached  to  the  pole  faces  with  nonmagnetic  clamps. 

With  regard  to  field  uniformity  in  the  z-direction,  B^  was  found 
to  vary  about  1  per  cent  over  a  distance  of  1  in.  (the  approximate  width 
of  beam)  located  midway  between  the  pole  faces.  It  was  assumed  that  this 
inhomogeneity  was  sufficiently  small  to  be  ignored. 


(s:^Tun  vCJBa^^TqJV)  *^9 
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Fig.  C.2 — Variation  in  as  a  ftinction  of  longitudinal  position  with  and  without  the  pole  piece  shims. 


APPENDIX  D 


AMPLIFICATION  AND  ATTENUATION  OF  DC  CYCLOTRON  WAVES  BY  MEANS  OF  A  PERIODIC 
PERTURBATION  IN  TRANSVERSE  ELECTRIC  FIELD 

In  this  appendix  we  shall  examine  the  effects  on  an  M-type  crossed-field 
beam  of  small  periodic  perturbations  in  the  applied  transverse  electric  field. 
In  making  measurements  with  the  segmented  sole  (Chapter  V),  under  certain 
conditions  growth  or  decay  in  the  amplitude  of  cyclotron  undulations  on 
the  beam  was  noted.  It  has  been  shown  that  the  M-type  beam  is  not  subject 
to  dc  instabilities  as  is  the  hollow  beam,  consequently  such  behavior  must 
be  the  result  of  the  action  of  external  fields  on  the  beam.  We  will  show 
how  these  observations  may  be  explained  on  the  basis  of  a  type  of  dc  pump¬ 
ing  which  results  from  periodic  perturbations  in  the  applied  electric  field, 
provided  that  such  perturbations  have  a  periodicity  approximately  equal 
to  and  occur  over  a  distance  small  compared  to  .  With  these  con¬ 

ditions  satisfied  it  is  then  possible  to  either  excite  or  damp  out  beam 
undulations,  depending  on  the  relative  phasing  of  the  applied  fields  and 
the  beam. 

1.  Summeu*y  of  Experiments 

The  geometry  of  the  segmented  sole  structure  is  shown  in  Fig.  D.la. 

The  details  of  this  structure  have  already  been  discussed  in  conjunction 
with  the  long  gun  experiments  in  Chapter  V.  The  important  point  to  be 
noted  is  that  small  grooves  or  slots  exist  at  the  sole  surface  where  the 
short  segments  which  make  up  the  longer  insula;.^.,  segments  are  in  contact. 
These  grooves  result  from  a  slight  radius  (-  .0005")  at  the  edges  of  the 
short  segments  which  were  incurred  during  fabrication.  These  grooves  are 
clearly  seen  in  the  photoGrai;h  in  Fi^.  5.2.  On  the  basis  of  the  experi¬ 
ments  to  be  described  below,  we  have  concluded  that  the  fields  from  these 
small  slots  are  responsible  for  the  anomalous  behavior  which  was  observed. 

In  malting  the  transmission  measurements  with  this  structure,  anomalies 
both  in  sole  current  and  in  the  visual  appesurance  of  the  beam  were  noted 
when  X^  of  the  beam  was  approximately  .250  in.  With  X^  slightly 
smaller  than  this  value  the  amplitude  of  the  cyclotron  undulations  on 
the  beam  was  observed  to  increase  with  distance  along  the  drift  region. 
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while  for  slightly  larger  than  .250  in.  such  undulations  decreased 

in  magnitude  with  increasing  distance  from  the  gun.  In  measuring  sole 
current  as  a  function  of  the  beam  cyclotron  wavelength,  curves  similar 
to  those  shown  in  Figs.  5*36  and  5*37  were  obtained  except  that  I 

s 

was  found  to  decrease  more  irregularly  with  increasing  X^  ,  particularly 
near  the  value  of  X^  =  .250  in.  A  peak  in  sole  current  was  found  to 
correspond  to  growing  cyclotron  undulations,  and  an  abrupt  decrease  in 
Ig  was  noted  when  X^  was  Increased  sufficiently  to  observe  damped 
undulations  (this  behavior  is  clearly  illustrated  in  Fig.  D.3) 

Upon  replacing  the  segmented  sole  with  a  continuous  plate,  none  of 
these  phenomena  was  observed.  However,  when  four  grooves  were  cut  onto 
the  first  portion  of  this  smooth  sole  as  shown  in  Fig.  D.lb,  similar 
anomalous  results  were  obtained  with  X^  of  the  beam  approximately  equal 
to  .160  in.,  the  spacing  between  the  slots.  Fi.ure  D.2  shows  two  photographs 
of  the  beam.  Illustrating  growing  and  damped  cyclotron  undulations.  Hiese 
photographs  show  the  sole  and  circuit  electrodes  and  the  position  of  the 
fo\ir  slots  in  relation  to  the  beam.  Note  in  (a)  where  the  beam  undulations 
exhibit  growth  that  the  portions  of  the  beam  in  the  slot  fields  have 
negative  slope,  while  in  (b)  where  the  undulations  are  damped  out  the 
portions  of  the  beam  in  the  slot  fields  have  positive  slope. 

Figure  D.3  shows  a  comparison  of  normalized  sole  current  as  a  function 
of  the  drift  region  scaling  parameter  for  the  slotted  and  the  smooth 
sole.  These  data  were  obtained  with  otherwise  identical  geometries, 
magnetic  field  and  applied  voltages.  For  these  data  it  should  be  noted 
that  X^  =  .160  in.  corresponds  to  a  sole- circuit  potential  difference 
of  1050  V  which  is  approximately  where  the  points  taken  with  the  slotted 
sole  begin  to  deviate  from  those  obtained  with  the  smooth  sole. 

From  these  results  we  concluded  that  the  small  periodic  perturbations 
in  the  transverse  electric  field  provided  by  the  slots  are  capable  of 
substantially  altering  the  dc  characteristics  of  the  beam.  Each  of  the 
slot  fields  acts  as  a  lens  which  causes  the  beam  to  change  direction  as 
it  passes  through  the  field.  In  order  for  the  effect  to  be  cumulative 
over  a  series  of  such  perturbation?,, the  periodicity  of  the  slots  must 
be  sufficiently  close  to  X^  so  that  all  of  the  slot  fields  act  on 
alternate  half  wavelengths  of  the  beam.  We  shall  now  use  an  approximate 
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(a).  Amplification 


(b).  Damping 


FIG.  D.  2- -Photographs  illustrating  amplification  and 
damping  of  dc  cyclotron  undulations  by  means 
of  periodic  perturbations  in  the  transverse 
electric  field. 


paraxial  analysis  to  calculate  the  amount  the  beam  Is  deviated  In  passing 
through  the  field  of  a  single  slot.  For  small  deviations  the  effect  of 
several  slots  can  be  then  obtained  approximately  by  linear  superposition. 
As  It  Is  primarily  an  order  of  magnitude  calculation,  this  analysis  Is 
only  Intended  to  show  that  the  fields  from  such  small  slots  In  the  sole 
can  accovint  for  the  observed  phenomena. 

2.  Analysis 

Next  we  wish  to  examine  the  effect  on  a  thin  crossed-fleld  beam  of 
a  narrow  slot  In  the  sole.  Consider  the  geometry  shown  In  Fig.  D.lte. 

In  order  to  be  able  to  use  a  simple  analytic  expression  for  the  slot  field 
and  potential  we  will  analyze  the  configuration  shown  where  the  sole  Is  a 
thin  conducting  sheet  and  the  slot  Is  of  length  2a  .  The  sole  circuit 
spacing  d  Is  assvsned  to  be  large  compared  with  both  a  and  &  ,  the 
beam  thickness,  and  In  addition  both  a  and  &  are  assumed  to  be  small 
compared  with  . 

We  may  obtain  the  potential  and  fields  in  this  configuration  by 
means  of  a  conformal  transformation.  The  imaginary  "part  of  the  complex 
potential 

W  =  4  |Eq|  (z  +  Vz^  -  a^)  (D.l) 


gives  the  potential  for  the  geometry  shown  In  Fig.  D.4b  In  the  upper  half 
plane.  A  sheet  conductor  is  located  along  the  real  axis  for  -  »  <  x  <  -  a 
and  a  <  x  <  »  .  The  term  represents  a  uniform  field  (in  the  -  y 
direction)  present  when  a  =  0  .  Before  deflection  the  beam  Is  assumed 
to  be  a  distance  y^  above  the  plane  of  the  sole.  We  then  have 


and 


(D.2) 


E  = 

y 


2 


2 


■  (D.3) 
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FIG.  D. 3- -Comparison  of  normalized  sole  current 
as  a  function  of  the  scaling  parameter 
for  the  smooth  and  slotted  sole  plates. 
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Circuit 


a.  Configxoration  of  the  peuraxial  analysis. 


b.  Geometry  for  the  complex  potential  of  Eq.  (D. l). 


FIG.  D.4 — Geometries  for  the  paraxial  analysis. 
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For  the  field  and  potentials  due  to  the  slot,  we  may  write 

01  =  0  -  ^0 

=  Ey  -  Eq  ,  (D.4b) 

where  0^  is  the  potential  for  a  =  0  .  We  then  have 

0.  =  i-SL  Ira  (-  z  +  Vz^  -  >  (D*5a) 

2 

and 

(.1* 

2  ^ 

The  ballistic  equations  for  the  beam  are 

X*  =  qE^  +  oj^y 

y  =  nEy  -  .  (D.6a) 

From  conservation  of  energy  we  have 

+  y^^  =  .  2ti0^  .  (D.7) 

Here  ,  y^  and  0^  are  the  unperturbed  velocity  components  and  beam 
potential  in  the  absence  of  the  slot.  Taking  the  first  order  perturbation 
of  this  equation  to  obtain  the  effect  of  the  slot  on  the  beam,  we  have 
(denoting  perturbed  quantities  by  subscript  l), 

♦  2/(^1  =  -  ♦  S'!  Vl  • 


-  a 


) 


(D.5b) 


We  shall  Ignore  the  second  term  on  the  left  since  y^  is  assumed  to  be 
small.  We  then  have 


(D.8) 
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Tie  y  ballistic  equation  for  the  perturbed  quantities  is  then 


<0  y, 
C^l 


which  may  be  written  as 


dx 


*  Vi 


U) 


r,E. 


I  Ji4^, 
<  01 


(D.9) 


(D.IO) 


From  this  equation  we  may  find  the  integrated  value  of  y^  in  going 
through  the  slot  field.  By  integrating  Eq.  (D.IO)  along  the  contour 
y  =  y  we  have 


r  dy 

/  ^  V  ^  /*\ 

r 

/  V  «  - 

01  f 

—  / 

^  dx  ^ 

f  y  ax  -  Tj 

i. 

1  1  1 

We  furthermore  assume  that  y^  =  constant  =  0  in  the  region  in  which 
the  beam  is  influenced  by  the  slot.  We  then  obtain,  for  ,  the 

change  in  transverse  velocity  of  the  beam  caused  by  the  slot 


(D.ll) 


We  next  examine  the  two  integrals  /  E^dx  and  /  j6^dx  along 
y  =  yQ  ,  where  the  limits  of  integration  are  +  »  .  The  contribution 
of  the  first  of  these  integrals  is  zero,  for  if  W^  =1^^  +  ,  then 

Ei=  O0^/.y  =  dl^/jx  as  a  result  of  the  Cauchy-Rieman  equations.  Then 
along  the  contour  y  =  yQ  ,  wc  lind 


I 


«OC 


(D.12) 


since  both  real  and  imaginary  parts  of  W^  vanish  on  y  =  for 
sufficiently  large  positive  and  negative  values  of  x  .  But  since 
/  E^dx  =  0  ,  it  follows  that  /  ^t^x  must  be  independent  of  the  value' 

-00  J.  -W  J. 

'Note  that  this  result  implies  that  the  deviation  of  the  beam  is 
independent  of  the  distance  of  the  beam  from  the  sole  as  long  as  y^  « 
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of  jTq  ,  thus  we  may  integrate  along  the  contour  y  »  0  from  -  a  to  +  a  . 
We  then  obtain 


dx  , 


which  evaluates  to 


We  then  have 


(D.13) 


(D.14) 


(D.15) 


The  beam  is  therefore  deflected  through  an  angle 
the  expression 


£jll 


2  2 
(u  na 
c 


£3jf 


which  is  given  by 


(D.16) 


To  first  order,  the  amplitude  of  the  beam  cyclotron  undulations  is  changed 
by  an  amount  2£a‘  ,  where  ^  is  given  by 


0)  4x- 

c  0 


(D.17) 


The  sign  of  Ar  depends  on  the  phasing  of  the  slot  with  respect 
to  the  beam.  The  effect  of  the  slot  field  is  always  to  turn  the  beam 
towards  the  sole,  thus  if  a  slot  acts  on  an  element  of  beam  with  positive 
slope,  the  magnitude  of  the  slope  is  decreased  and  ^  is  negative.; 
however,  if  the  beam  has  a  negative  slope  at  the  slot  the  magnitude  of 
the  slope  is  increased  and  Ar  is  positive. 
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We  may  evaluate  Ar  from  the  following  set  of  typical  experimental 
conditions : 

a>  =  1.06  X  10^° 
c 

wit 

a  =  2.5^  X  10  m 
Xq  =  7-9  X  10^  m  sec”^ 

Then  we  have  ^r  =  I.36  x  lO"**^  m  =  .005^  in. 

These  parameters  a.  d  approximately  ..  ''  of  the  photograph  shown  in 

(D.2a).  From  a  direct  measurement  from  the  photograph,  noting  that  the 
sole  circuit  spacing  is  .100  in.,  we  find  that  the  effect  of  the  four 
slots  is  to  increase  the  amplitude  of  the  beam  cyclotron  undulation  by 
roughly  .020  in.,  thus  despite  the  approximations  in  the  analysis,  the 
results  are  seen  to  be  in  reasonable  agreement  with  the  observations. 
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AT  l8 

AUL 

Maxwell  AFB,  Alabama 

1 

AF  43 

ASD  (ASAPRD-Dlst) 

Wright -Patterson  AFB,  Ohio 

1 

AF  91 

AFOSR  (SRGL) 

Washington  25,  D.  C. 

1 

AF  124 

RADC  (RAYLD) 

Griffiss  AFB,  New  York 

Attn:  Documents  Library 

1 

AF  139 

AF  Missile  Development  Center  (MDGRT) 

Holloman  AFB,  New  Mexico 

1 

AF  318 

ARL  (Technical  Library) 

Building  450 

Wright-Patterson  AFB,  Ohio 

1 

AR  9 

Commanding  General 

USASRDL 

Ft.  Monmouth,  N.  J. 

Attn:  Tech.  Doc.  Ctr. 

sigra/sl-adt 

1 

At  9 

Department  of  the  Array 

Office  of  the  Chief  Signal  Officer 

Washington  25>  D.  C. 

SIGRD-4a-2 

1 

Ar  ^0 

Commanding  Officer 

At  In:  ORDTL-012 

Diamond  Ordnance  Fuze  Laboratories 

Washington  25,  D.  C. 

1 

Ar  6Y 

Army  Rocket  and  Guided  Missile  Agency 

Redstone  Arsenal,  Ala. 

Attn;  ORDXR-OTL,  Technical  Library 

1 

G  2 

ASTIA  (TIPAA) 

Arlington  Hall  Station 

Ai'lington  12,  Virginia 

10 

G  68 

National  Aeronautics  and  Space  Agency 

1520  H.  Street,  N.  W. 

Washington  25,  D  C. 

Attn:  Library 

1 

Code 
G  109 

M  6 

M  78 

N  1 

N  29 

I  292 

AF  127 

AF  253 

Ar  107 

G  8 

M  63 

N  73 


Organization 


of  Copies 


Director 

Langley  Research  Center 

National  Aeronautics  and  Space  Administration 
Langley  Field,  Virginia 

AFCRL,  OAR  (CRIPA  -  Stop  39) 

L.  G.  Hanscora  Field 
Bedford,  Massachusetts 

AFCRL,  OAR  (CRT,  Dr.  A.  M.  Gerlach) 

L.  G.  Hanscom  Field 
Bedford,  Massachusetts 

Director,  Avionics  Division  (AV) 

Bureau  of  Aeronautics 
Department  of  the  Navy 
Washington  25,  D.  C. 

Director  (Code  2027) 

U.  S.  Naval  Research  Laboratory 
Washington  25j  D*  C. 

Director,  USAF  Project  RAND 
The  Rand  Corporation 

1700  Main  Street,  Santa  Monica,  California 
Thru:  A.  F.  Liaison  Office 

Boston  Office-Patents  &  Royalties  Division  (Hq  AFLC) 
Building  133j  ^24  Trapelo  Road 
Waltham  54,  Massachusetts 

Technical  Information  Office 
European  Office,  Aerospace  Research 
Shell  Building,  U7  Cantersteen 
Brussels,  Belgium 

U.S.  Array  Aviation  Hximan  Research  Unit 
U.S.  Continental  Array  Command 
P.O.  Box  438,  Fort  Rucker,  Alabama 
Attn;  Ma j .  Arne  H.  Eliasson 

Library 

Boulder  Laboratories 
National  Bureau  of  Standards 
Boulder,  Colorado 

Institute  of  the  Aerospace  Sciences,  Inc. 

2  East  64th  Street 
New  York  21,  New  York 
Attn:  Librarian 


Office  of  Naval  Research 
Branch  Office,  London 
Navy  100,  Box  39 
F.  P.  0.  New  York,  N.  Y. 


10 


Code 
U  32 

u  431 


AF  24? 
Af  329 

At  103 

G  112 

1  774 

I  775 

I  925 


Organization 

Massachusetts  Institute  of  Technology 

Research  Laboratory  of  Electronics 

Building  26,  Room  327>  Cambridge  39^  Massachusetts 

Attn:  John  H.  Hewitt 

Alderman  Library 
University  of  Virginia 
Charlottesville,  Virginia 

Dr.  Glen  Wade,  Spencer  Laboratories 
Burlington,  Maes. 

Mr.  Charles  Turner 

528  Kenton  Road,  Kenton,  Harrow 

Middlesex,  England 

Electronics  Laboratories 
General  Electric  Company 
Electronics  Park 
Syracuse,  New  York 
Attn:  Mr.  Henry  Grimm 

Dr.  Yen,  Department  of  Electrical  Engineering 
University  of  Toronto 
Toronto  Ontario,  Canada 

Matthew  A.  Allen,  Microwave  Associates,  Inc. 
Burlington,  Massachusetts 

WADD  (WCLKTR) 

Wright -Patterson  APB,  Ohio 

Hq.  ARDC  (RDR-62) 

Reference  46l9-Ca 

Andrews  APB,  Washington  25,  D.C. 

Commanding  Officer 

U.S.  Army  Signal  Research  &  Development  Lab. 

Port  Monmouth,  New  Jersey 
Attn:  SIGFM/EI-PRG 

Oak  Ridge  National  Laboratory 

P.O.  Box  X 

Oak  Ridge,  Tennessee 

Attn:  Central  Research  Laboratory 

Lenkurt  Electric  Company,  Inc. 

1105  Country  Road 

San  Carlos,  California 

Attn;  D,  Mawdsley,  Mail  Stop  85 

Radio  Research  Laboratories 
Kokubunki,  P.  0. 

Tokyo,  Japan 

Hughes  Aircraft  Company 
P.  0.  Box  278 
Newport  Beach,  California 
Attn:  Miss  Eileen  D.  Andjulis 
Assistant  Librarian 
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No.  of  Copies 

1 

1 

1 

1 

1 

1 

1 

1 

2 

1 

1 

1 

1 

1 


Code 
I  9^3 

I  9^4 

I  954 

I  988 

U  10 

u  238 

u  290 

u  398 

u  359 

u  391 


Orfianlzatlon 

General  Telephone  &  Electronics  Laboratories,  Inc. 
1015  Corporation  rfay 
Palo  Alto,  California 
Attn:  Librarian 

Bomac  Laboratories,  Inc. 

Salem  Road 

Beverly,  Massachusetts 
Attn:  Mr.  Arthur  McCoubrey,  Manager 
Research  and  Development 

S.  F.  D.  Laboratories,  Inc. 

800  Rahway  Avenue 
Union,  New  Jersey 
Attn;  R.  Ullrich,  Librarian 

Institute  of  Defense  Analysis 

Research  and  Engineering  Support  Division 

1825  Connecticut  Avenue,  N.W. 

Washington  9,  D.  C. 

Attn:  Technical  Information  Office 

Cornell  University 

School  of  Electrical  Engineering 

Ihaca,  New  York 

Attn:  Prof.  B.  C.  Dalman 

University  of  Southern  California 
University  Park 
Los  Angeles  7,  California 
Attn:  Z.  A.  Kaprielian 

Associate  Professor  of  Electrical  Engineering 

Dr.  A.  L.  Cullen 

Department  of  Electrical  Engineering 
University  of  Sheffield 
Sheffield  1,  England 

University  of  Arizona 

Tucson  25,  Arizona 

Attn:  Prof.  Donald  C.  Stinson 

Electrical  Engineering  Department 

The  University  of  British  Columbia 
Department  of  Electrical  Engineering 
Vancouver  8,  B.  C.  Canada 
Attn;  G.  B.  Walker 

Microwave  Laboratory 

University  of  Illinois 

Electrical  Engineering  Research  Laboratory 
Urbana,  Illinois 
Attn:  Professor  P.  D.  Coleman 
Ultramlcrowave  Group 


-  4  - 


No.  of  Copies 


1 


1 


1 


1 


1 


1 


1 


1 


1 


Code 

u  U30 

G  70 

N  160 

I  13 

I  53 

I  96 

I  237 

I  260 

I  266 

I  297 

I  305 


Organization 

Chalmers  University  of  Technology 
Gibraltargaton  5  G 
Gothenburg,  Sweden 
Attn:  Mr.  H.  Wilhelms son 

Research  Laboratory  of  Electronics 

Advisory  Group  on  Electron  Devices  (AGED) 
Office  of  the  Director  of  Defense  Res  and  Eng. 

Broadway,  8th  Floor 
New  York  13,  New  York 

U.  S.  Naval  Research  Laboratory 
Washington  25,  D.  C. 

Attn:  Mr.  F.  J.  Liberatore,  Code  7^20 

Bell  Telephone  Laboratories,  Inc. 

Whippany  Laboratory 

Whippany,  New  Jersey 

Attn:  Technical  Information  Library 

Hxighes  Aircraft  Ccanpany 
Florence  Avenue  and  Teale  Street 
Culver  City,  California 
Attn:  Documents  Section 
Research  and  Development  Library 

Sandia  Corporation 

Sandia  Base,  P.O.  Box  58OO 

Albuquerque,  New  Mexico 

Attn:  Mrs.  B.  R.  Allen,  Librarian 

Technical  Library 

G.  E.  TWT  Product  Section 

601  California  Avenue 

Palo  Alto,  California 

Attn:  Verna  Van  Velzer,  Librarian 

^Ivanla  Elec.  Prod.  Inc. 

Electronic  Defense  Laboratory 

P.  0.  Box  205,  Moxintain  View,  California 

Attn:  Library 

ITT  Federal  Laboratories 
Technical  Library 
500  Washington  Avenue 
Nutley  iO,  New  Jersey 

Sperry  Gyroscope  Company 
Division  of  Sperry  Rand  Corporation 
Great  Neck,  N.  Y. 

Attn:  Mrs.  Florence  W.  Turnbull 
Engineering  Librarian 

General  Electric  Company 

Power  Tube  Dept.  Electric  Components  Division 
Building  269,  Room  205 
One  River  Road 
Schenectady,  5,  New  York 


No.  of  Copies 


1 


2 


1 


2 


1 


1 


1 


1 


1 


1 


1 


Code 
I  306 

I  309 

I  310 

I  312 

I  366 

I  367 

I  382 

I  384 

I  439 

I  490 

I  1.47 


Organization 

General  Telephone  and  Electronics  Laboratories,  Inc. 
Bayside  Laboratories 
Bayside  6,  New  York 
Attn:  Mr.  D.  Lazare 

Manager,  Project  Adm. 

Litton  Industries,  Inc. 

960  Industrial  Road 

San  Carlos,  California 

Attn;  Document  Custodian,  Engr.  Dept. 

Varian  Associates 

611  Hansen  Way 

Palo  Alto,  California 

Attn:  Dr.  Richard  B.  Nelson 

STL  Technical  Library 
Document  Acquisitions 
Space  Technology  Laboratories,  Inc. 

P.O.  Box  95001 

Los  Angeles  45,  California 

Radio  Corporation  of  America 
Defense  Electronic  Products 
Camden,  New  Jersey 
Attn:  Mr.  S.  Schach,  Building  10-5 

Standards  Engineering,  Section  577 

Stanford  Research  Institute 
Document  Center 
Menlo  Park,  California 
Attn:  Acquisitions 

RCA  Laboratories 
David  Sarnoff  Research  Center 
Princeton,  New  Jersey 
Attn:  Dr.  Harwich  Johnson 

Bell  Telephone  Laboratories 
Murray  Hill  Laboratory 
Murray  Hill,  New  Jersey 
Attn;  Dr  J.  R.  Pierce 

General  Electric  Company 

P.O.  Box  1088 

Schenectady,  New  York 

Attn:  Mr.  E.  D.  McArthur,  Manager 

Superpower  Microwave  Tube  Laboratory 

Bell  Telephone  Labora' ories ,  Inc. 

Murray  Hill,  New  Jersey 
Attn;  J.W.  Fltzwilliam,  Director 
Electron  Tube  Development 

The  Rand  Corporation 
1700  Main  Street 
Santa  Monica,  California 
Attn:  Technical  Librarian 


No.  of  Copies 


1 


1 


1 


1 


1 


1 


1 


2 


1 


1 


1 
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Code  Orgp.nlzatlon  No .  of  Copies 

I  562  Philips  Laboratories 

A  Division  of  North  American  Philips  Company,  Inc. 

Irvington  on  Hudson,  New  York 
Attn:  William  P.  Arnett 

Security  Officer  1 

I  577  Raytheon  Manufacturing  Company 

520  Winter  Street 
Waltham,  Mass. 

Attn:  Mr.  O.T.“  Fundingsland  1 

I  59^  Research  Technology  Associates,  Inc. 

100  Ladge  Drive 
Electronic  Park  at  Avon 
Avon,  Mass. 

Attn:  J.  Babakian  1 

I  595  Glanninnl  Research 

Santa  Ana,  California 
Attn:  J.K.  Bagele 

Technical  Librarian  1 

I  666  Ramo-Wooldridge 

A  Division  of  Thompson  Ramo-Wooldridge  Inc 
8^33  Fallbrook  Avenue 
Ganoga  Park,  California 


Attn:  Technical  Information  Services  1 

I  756  Varian  Associates 
oil  Hansen  Way 
Attn:  Mr.  C.  W.  McClelland 

Technical  Publications  Manager  1 

I  759  Stanford  Research  Institute 

Menlo  Park,  California 

Attn:  Mr.  C.  J.  Cook  1 

I  760  General  Atomic,  Dlv.  of  General  Dynamics  Corporation 

P.O.  Box  608,  San  Diego,  California 

Attn:  Mr.  M.  Rosenbluth  1 

I  761  Linfield  Research  Institute 

McMinnville,  Oregon 

Attn:  Dr.  W.P.  Dyke,  Director  1 

I  762  Columbia  Radiation  Laboratory 

538  West  120th  Street 

New  York  27,  New  York  1 

I  763  Sperry  Gyroscope  Company 

Engineering  Library 
Mail  Station  C-39 

Great  Neck,  Long  Island,  New  York  1 

I  764  Watkins-Johnson  Company 

3333  Ilillview  Avenue 
Palo  Alto,  California 

Attn:  Dr.  H.  R.  Johnson  1 


-  7  - 


Code 
I  765 

I  766 
I  767 
I  768 

I  769 

I  770 

I  999 

I  771 

I  772 

I  844 

U  2 

U  21 


Organization 

Westlnghouse  Electric  Corporation 
Friendship  Internet  lonal  .Mrport 
Box  "jh-G,  Baltimore  3>  i*iaryland 
Attn:  G.  Ross  Kilgore,  Manager 

Applied  Research  Department 
Baltimore  Laboratory 

Services  Electronic  Research  Laboratories 
Baidock,  Herts,  England 
Attn:  Dr.  Boot 

Standard  Telephone  Laboratories 
Harlow,  Essex,  England 
Attn:  Dr.  E.  A.  Ash 

Eltel-McCullo\igh,  Inc. 

798  San  Mateo  Avenue 
San  Bruno,  California 
Attn:  Librarian 

Hewlett-Packard  Company 
275  Page  Mill  Road 
Palo  Alto,  California 

Hughes  Aircraft  Company 

Research  and  Development  Laboratories 

Culver  City,  California 

Attn;  L.M-  Field 

Raytheon  Company 

Box  171,  Way land,  Massachusetts 

Attn:  E.  Rolfe 

Advanced  Kinetics  Inc. 

P.O.  Box  1803 

Newport  Beach,  California 

Attn:  Dr.  R.  Wanlek 

RCA  Laboratories 
Princeton,  New  Jersey 
Attn:  Harwell  Johnson 

Bomac  Laboratories,  Inc. 

8  Salem  Road 
Beverly,  Massachusetts 
Attn:  Dr  Arthur  McCoubrey,  Manager 
Research  and  Development 

California  Institute  of  Technology 
Jet  Propulsion  Laboratory 
Pasadena  4,  California 
Attn;  Documents  Library 

The  Johns  Hopkins  University 
Department  of  Physics 
Homewood  Campus 
Daitiraore  i8,  Maryland 
Attn*  Dr.  Donald  E.  Kerr 


Code 
U  26 


U  i^O 


U  42 


U  59 


U  79 


U  100 


U  102 


u  107 


U  llU 


Organization 

Massachusetts  Institute  oi  Technology 
Lincoln  Laboratory 
P.O.  Box  73 
Lexington  73)  Mass. 

Attn:  Mary  A.  Granese,  Librarian 

New  York  University 
Department  of  Physics 
College  of  Arts  and  Science 
Washington  Square,  New  York  3,  N.Y. 

Attn:  Professor  J.  H.  Rohrbaugh 

The  Ohio  Si  .ce  Unlversiu^ 

2024  Neil  Avenue 
Columbus  10,  (Silo 
Attn:  Prof.  E.  M.  Boone 

Department  of  Electrical  Engineering 

Library 

Georgia  Technology  Research  Institute,  Engineering 

Experiment  Station 

722  Clierry  Street,  N  W. 

Atlanta,  Georgia 

Attn:  Mrs.  JH.  Crosland,  Librarian 

University  of  Michigan 
Engineering  Research  Institute 
Radiation  Laboratory 
Attn:  Prof.  K.M.  Siegel 
912  N.  Main  Stj'eet 
Ann  Arbor,  Michigan 

University  of  California 
Electronics  Research  Lab. 

332  Cory  Hall,  Berkeley  4,  California 
Attn:  J.R.  Wliinnery 

Harvard  University 

Technical  Reports  Collection 

Gordon  McKay  Library 

303A  Pierce  Hall 

Oxford  Street 

Cambridge  '3&,  Mass 

Attn:  Librarian 

University  of  Michigan 
Electronic  Defense  Group 
Engineering  Research  Institute 
Ann  Arbor,  Michigan 
Attn:  J.A.  Boyd,  Supervisor 

University  of  California 
390  Cory  Hall 
Berkeley  4,  California 
Attn:  Dr.  Cliarles  Susskind 


No.  . i  Copies 


1 


1 


1 


1 


1 


1 


1 


1 


1 
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Code  Organization  No.  of  Copies 

U  150  University  of  Washington 

Department  of  Electrical  Engineering  “ 

Seattle  5^  Washington 

Attn:  Mr.  A.E.  Harrison  1 

U  168  The  George  WaahingLon  University 

Department  of  Electrical  Engineering 
School  of  Engineering 
Washington  6,  D.C. 

Attn;  Dr.  N.T.  Grisamore,  Exec.  Officer  1 

U  169  Illinois  Institute  of  Technology 

3301  S.  Dearbon  Street 
Chicago  16,  Illinois 

Attn;  Dr.  George  I.  Cohn  1 

U  209  New  York  University 

College  of  Engineering 
3^6  Broadway 
New  York,  N.Y. 

Attn:  Mr.  L.S.  Schwartz,  Research  Division  1 

U  228  University  of  Kansas 

Electrical  Engineering  Department 
Lawrence,  Kansas 

Attn:  Dr.  H.  Unz  1 

U  237  Polytechnic  Institute  of  Brooklyn 

Microwave  Research  Institute 
55  Johnson  Street 
Brooklyn,  New  York 

Attn:  Dr.  N.  Marcuvitz  1 

U  240  Illinois  Institute  of  Technology 

Technology  Center 

Department  of  Electrical  Engineering 
Chicago  16,  Illinois 
Attn:  Paul  C.  Yuen 


Electronics  Research  Laboratory  1 

U  284  Dr.  J.T.  Senise 

Institute  Tecnologico  de  Aeronautica 
Jose  dos  Campos 

Sao  Paulo,  Brazil  1 

U  288  Polytechnic  Institute  of  Brooklyn 

Microwave  Research  Institute 
55  Johnson  Street 

Brooklyn  1,  New  York  1 

U  292  University  of  Maryland  *■ 

College  Park,  Maryland 

Attn:  Dr.  J.M.  Burgers  1 

U  294  University  of  Illinois 

Electrical  Engineering  Research  Laboratory 
Urbana,  Illinois 

Attn:  Dr.  A. A.  Dougal  1 


10  - 


Code 

u  308 

u  320 

u  321 

U  322 

U  323 

u  32k 

u  325 

u  326 

u  327 

u  328 

u  329 

u  330 


Organization 

Brandels  University 
Waltham,  Mass. 

Attn:  Dr.  E.P.  Gross 

California  Institute  of  Technology 
1201  East  California  Street 
Pasadena,  California 
Attn:  Prof.  R.W.  Gould 

University  of  California 
Radiation  Laboratory 
Livermore,  California 
Attn:  N.  Christofilos 

University  of  California 
Radiation  Laboratory 
Livermore,  California 
Attn:  S.A.  Colgate 

University  of  California 
Radiation  L.boratory 
Livermore,  California 

Princeton  University 
Princeton,  New  Jersey 
Attn:  L.  Spitzer 

Project  Matterhorn 

Massachusetts  Institute  of  Technology 
77  Massachusetts  Avenue 
Cambridge,  Mass. 

Attn:  W.P.  Allis 

Universi-y  of  California 
Electrical  Engineering  Department 
Berkeley  4,  California 
Attn:  Prof.  J.R.  Singer 

University  of  California 
Radiation  Laboratory 
Berkeley,  California 
Attn;  Dr.  R.K.  Wakerling 

Information  Division,  Building  90,  Room  128 

University  of  Chicago 
Institute  of  Air  Weapons  Research 
Museum  of  Science  and  Industry 
Chicago  37,  Illinois 

Attn:  Mrs.  Norma  Miller,  Technical  Librarian 

University  of  Florida 

Department  of  Electrical  Engineering 

Gainesville,  Florida 

Attn:  Prof.  W.E.  Lear 

University  of  Illinois 
Control  Systems  Laboratories 
Urbana,  Illinois 
Attn;  Prof.  Daniel  Alpert 


No.  of  Copies 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


11 


Code 
U  331 

U  332 

U  333 

U  33^ 

U  335 

U  337 

U  338 

U  339 

U  3^+0 

U  3^1 

U  3^2 

U  343 


Organization 

University  of  Illinois 

Department  of  Electrical  Engineering 

Uruana,  Illinois 

Attn;  Prof.  L.  Goldstein 

University  of  Illinois 
Department  of  Physics 
Urbana,  Illinois 
Attn:  Dr.  Jo’  n  Bardeen 

John  Hopkins  University 
Radiation  Laboratory 
Baltimore  2,  Maryland 
Attn:  J.M.  Minkowski 

Iowa  State  University 
Physics  Department 
Iowa  City,  Iowa 

Attn:  Professor  Frank  MacDonald 

University  of  Colorado 

Department  of  Electrical  Engineering 

Boulder,  Colo. -ado 

Attn:  Professo-’  W.G.  Worcester 

McMurray  College 
Department  of  Riysics 
Abilene,  Texas 
Attn:  Dr.  Virgil  E.  Bottom 

University  of  Michigan 

3506  East  Engineering  Building 

Ann  Arbor,  Michigan 

Attn:  Electron  Tube  Laboratory 

University  of  Minnesota 
Institute  of  Technology 
Department  of  Electrical  Engineering 
Minneapolis,  Minnesota 
At:.n;  Prof.  A.  van  der  Ziel 

Ohio  University 
College  of  Applied  Science 
Athens,  CXiio 
Attn;  D.B.  Green 

Oregon  State  College 

Department  of  Electrical  Engineering 

Corvallis,  Oregon 

Attn:  H.J.  Oorthu^r's 

Princeton  University 

Department  of  Electrical  Engineering 

Princeton,  New  Jersey 

Purdue  University 
Research  Library 
Lafayette,  Indiana 

Attn:  Electrical  Engineering  Department 


-  12  - 


No.  of  Copies 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


Code 

u  3411 

U  3^+5 

U  3^6 

u  3^7 

U  3^8 

u  350 

u  351 

U  352 

U  353 

u  354 

U  355 

u  356 


Organization 

Rensselaer  Poltechnlc  Institute 
Office  of  the  Librarian 
Troy,  New  York 

Scientific  Attache 
Swedish  Embassy 
2249  R  Street,  N.W. 

Washington  8,  D.C. 

Rutgers  University 
Physics  Department 
Newark  2,  New  Jersey 
Attn;  Dr.  Charles  Pine 

University  of  Texas 
Military  Pliyslcs  Research  Laboratory 
Box  8036,  University  Station 
Austin,  Texas 

University  of  Utah 
Electrical  Engineering  Department 
Salt  Lake  City,  Utah 
Attn:  Richard  W.  Grow 

University  of  Puerto  Rico 

College  of  Agriculture  and  Mechanical  Arts 

Mayaguez,  Puerto  Rico 

Attn:  Dr.  Braulio  Dueno 

The  Royal  Institute  of  Technology 
Stockholm  70,  Sweden 
Attn:  Dr.  B.  Agdur 

Drexel  Institute  of  Technology 
Department  of  Electrical  Engineering 
Philadelphia  4,  Pennsylvania 
Attn:  F.  B.  Haynes 

Forsvarets  Forskningsinstitutt 
Avdeling  for  Radar 
Bergen ,  Norway 
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